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I. STATEMENT OF PROBLEM AND SHORT SURVEY OF 
LITERATURE 
1. INTRODUCTION 
The measurement and recording of concentration or partial pressure of 
oxygen in gaseous, liquid and semi-solid [tissue] media has gained increasing 
importance for biology and medicine during the past years. Numerous proce-
dures for the determination in vitro have been described, but less attention 
has been directed to the continuous in vivo recording which, however, appears 
to be a particularly attractive appbcation. The requirements for its accomplish-
ment are challenging, especially in regard to an application in man, e.g. in 
connection with cardiac cathetensation. It is the purpose of this paper to des-
cribe a system which permits the continuous recording of the oxygen pressure 
in gases and fluids in vivo. The sensing element is mounted on the tip of a 
small and flexible catheter which is introduced into the blood vessel of man 
or animals. The resulting electric signal is amplified and recorded with a 
standard recorder. 
2. MEASURING PRINCIPLE 
The Polarographie method was used for measuring oxygen pressure. Polaro-
graphie electrodes are chemical systems consisting of a measuring cathode and 
a reference anode which are electrically connected by an electrolyte. This 
system may be biased with a voltage [V 1 from a battery [fig. l] . 
The oxygen molecules physically dissolved in a well stirred solution are 
reduced at the cathode, i. e. electrons are exchanged resulting in a current that 
can be measured. By slowly increasing the voltage from the battery to more 
negative values the current increases in a characteristic sigmoid manner produ-
cing a current-voltage curve or polarogram with a limiting current plateau over 
a certain voltage range [fig. 2] . 
The position of the wave with reference to the voltage indicates the nature 
of the substance and the current amplitude of the plateau is a hnear function of 
its concentration [fig. 3] . 
- 10 
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Fig. _1 Basic arrangement of a Polarographie cell. Container with electrolyte 
solution, physically dissolved oxygen, measuring cathode, reference 
anode, external circuit with voltage source and galvanometer. 
Q u a l i t y 
Fig. 2 Current voltage curve by reduction of oxygen with constant pressure at 
solid electrode. 
When plotting the currents of the plateau with an appropriate fixed voltage for 
different concentrations, a calibration curve is obtained which should be linear. 
The zero current is given by the current occurring with a solution completely 
free of oxygen [e.g. pure nitrogen]. 
The open system of fig. 1 would be sufficient for measurements in simple, 
well stirred solutions. In the application to blood, however, considerable diffi­
culties arise, particularly due to ready "poisoning" of the cathodes [ S h e p a r d , 
1956] . Furthermore a determination in the gas phase would not be possible. 
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Fig. 3 Polarogram of gaseous oxygen at membrane-covered solid electrode. 
The determinations were made with dry gas at constant temperature 
of 250C by slowly increasing the voltage from zero to more negative 
values. To the right a calibration curve is seen as obtained with 
different oxygen concentrations at constant voltage bias [-800 mV]. 
Various procedures have been tried to circumvent these difficulties. Generally 
speaking the following kinds of systems may be distinguished: 
1] open systems with bare electrodes 
2 ] cathode coated with adherent film permeable to oxygen, but also to the ions 
of the electrolyte, though impermeable to larger particles such as proteins, 
thrombi, and blood cells 
3] closed systems where both electrodes and the electrolyte are completely 
separated from the external medium by a membrane permeable to oxygen, 
but impermeable to water and ions [ C l a r k Principle] . 
The last of these arrangements has proved to be most satisfactory and has 
provided new impetus to oxygen polarography in biology and medicine, u is the 
only system which allows accurate determinations in blood and in gases. For 
contmuous recording in vivo this element has to be reduced in size and attached 
to a catheter or placed in a needle. 
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3. DEVELOPMENT OF OXYGEN POIAROGRAPHY 
The Polarographie principle was developed particularly by H e y r o v s k y 
and his school [l922] who adapted it to a widely used method for the determi-
nation of numerous substances. H e y r o v s k y was awarded the Nobel Prize In 
1959 for this important contribution. Main emphasis was directed to the dropp-
ing mercury electrode which has considerable theoretical advantages but is not 
well suited for direct biological application, particularly in regard to continous 
in vivo recording. 
S a l o m o n had described a solid electrode [platinum] and its current vol-
tage curves with concentration-dependent plateau already in 1897, and at the 
same time Dann e e l published a paper on the elctrolysis of oxygen at platinum 
electrodes which, however, were introduced into biology only much later. In 
1926 the Polarographie method of analysis was adopted to biochemistry by 
P r á t . D a v i e s and B r i n k in 1942 described a system for determinations 
in tissues, already suggesting the protection of the cathode with a membrane 
for application in blood. During the subsequent years many authors tried such 
a protection with various kinds of coating, but the results remained unsatis-
factory [ S h e p a r d ] . The break-through occurred in 1956 when C l a r k intro-
duced the principle of the enclosed system. When shortly afterwards K r e u z e r 
[1957] , and K r e u z e r et al. [l958] incorporated the C l a r k electrode into 
an apparatus for determining the oxygen pressure in blood in vitro, the critical 
importance of the stirring effect became apparent which was overcome by 
oscillating movements of the electrode. Since the measuring cathode consumes 
oxygen, there arises an oxygen-depleted zone at its surface in media with 
relatively slow diffusion rates, resulting in a decreased local oxygen pressure 
and, therefore, in a fall of the current. This difficulty can be avoided by 
balancing oxygen consumption at the cathode to oxygen supply from the medium 
so that the oxygen concentration at the cathode surface corresponds to that in 
the bulk of the medium. 
The following approaches have been suggested to solve this problem: 
a ] Moving the blood along the electrode [e.g. S p r o u l e et a l . , 1957; M i l l e r 
et a l . , 1959] 
b ] Stirring the blood with mechanical or magnetic devices [e.g. S e v e r i n g -
h a u s and B r a d l e y , 1958; L u b b e r s a n d W i n d i s c h , 1963] 
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c] Use of membrane with low permeability to oxygen [e.g. B a r t e l s et a l . , 
1959; B a r t e l s and R e i n h a r d t , 1960; P o l g a r and F o r s t e r , 1960; 
Da ly et a l . , 1963] 
d] Very small size or special shape of cathode with small local oxygen con-
sumption [e.g. M o c h i z u k i and B a r t e l s , 1955; B a r t e l s and R e i n -
h a r d t , 1960; S t a u b , 1961; R i c e , 1961; C h a r l t o n , 1961; B u t l e r 
et a l . , 1962; S i l v e r , 1963; F a t t , 1964] 
e] Intermittent measuring or pulsed voltage [e.g. D a v i e s and B r i n k , 1942; 
O l s o n et a l . , 1949; B u r g e r et a l . , 1957; K u n z e et a l . , 1963] 
Most of these procedures have been applied to determinations in vitro. In the 
case of continuous recording in vivo the conditions are not different in principle 
but the mechanical and experimental circumstances involve special requirements. 
Apart from the fact that the systems mentioned above under a] and b] do not 
pertain to the conditions in vivo, some of the other approaches have serious 
disadvantages with application in vivo, e.g. very slow response [c] , extremely 
small currents [c] and [d] , absence of really continuous recording [e] . 
K r e u z e r and Nes s i e r pubbshed the first catheter pO, electrode for 
continuous in vivo recording m 1958; this method has since been used success-
fully in dogs. In 1960 [a] K r e u z e r et al. performed experiments concerning 
the dependency of these electrodes on pressure and flow as well as their r e -
sponse time. This group [ K r e u z e r et a l . , 1960 b] reported in the same year 
a similar electrode with a very fast response [l sec for 95 % deflection] for the 
continuous recording of the oxygen pressure in respiratory air. 
Dependency on flow and response time are of paramount importance in 
the application of such electrodes to continuous recording in vivo. It was the 
purpose of our subsequent work to further improve the flow and response pro-
perties of these electrodes with particular reference to their use m man. 
- 14 -
4. IN VIVO ELECTRODES 
Subsequently a number of Polarographie catheter and needle electrodes 
have been reported by other authors. In the f i r s t g r o u p some systems are 
listed which provide only qualitative information, mainly because they make 
use of bare cathodes or of ion-permeable membranes: 
I. K o l m a r , 1958; R o o t h et al . , 1961; C l a r k and L y o n s , 1962, S o m ­
m e r k a m p and O e h m i g , 1962; Instrumentation Laboratories. 
The s e c o n d g r o u p includes designs according to the Clark Principle, 
divided into needle and catheter electrodes [in chronological sequence]: 
П. Needle Electrodes: Beekman Instruments, 1961 [critically reviewed 
by S a i d et al . , 196l] 
B r e h m e r and Le P e t i t , 1963 
[Pt cathode, Polyethylene membrane] 
Catheter Electrodes: K r e u z e r and N e s s l e r , 1958; K r e u z e r et al . , 
1960 [a,b] 
[Pt cathode, Teflon membrane] 
K r o g and J o h a n s e n , 1959; J o h a n s e n and 
K r o g , 1959 
[Pt cathode, Teflon membrane] 
C h a r l t o n et a l . , 1963 
[pt cathode, Polyethylene membrane] 
K u n z e , 1964 
[Pt cathode, Teflon membrane] 
R y b a k , 1964 
[Pt cathode, Teflon membrane] 
Beekman Instruments 
[Pt cathode, Polyethylene membrane] 
Other authors have attempted to avoid the technical difficulties of catheter and 
needle electrodes by using continuous measurements in flow-through cells as 
listed in a t h i r d g r o u p : 
Ш. O e s t e r l i n d , 1959; Le P e t i t , 1960; M e y e r et a l . , 1961; Kunze,1963 
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These systems have, however, obvious disadvantages and may not be called 
in vivo procedures in a strict sense. 
5. PROBLEMS TO BE INVESTIGATED FOR CONTINUOUS RECORDING 
it was the purpose of this work to further develop the original electrodes 
of K r e u z e r with particular reference to the solution of the following problems: 
a] Application for continuous recording with sufficient sensitivity, accuracy, 
reproducibility, and constancy in gases, fluids [particularly blood] , and 
tissues 
b] Reduction of flow dependency as much as possible 
c] Shortest possible response time 
d] Application to man, especially in routine clinical work where accessory 
requirements have to be met, such as reliability, simplicity, safety, possi-
bility of sterilisation, moderate costs. 
Special attention was directed to the question whether it is possible to construct 
a single all-purpose device, or whether one has to resort to special designs 
for particular applications. It will be shown that some of the characteristics 
listed above are mutually exclusive to a certain extent. 
6. REMARKS ON THE POLAROGRAPHIC CELL 
It is not intended to add new information to the extensive Polarographie 
literature concerning the basic processes in polarography but it is the purpose 
of this section to summarize the available information and to point out the 
difficulties in working with this method. Particular reference is always made 
to the membrane-covered system consisting of a compact umt with cathode, 
reference anode, and electrolyte, u is assumed that the membrane is directly 
and tightly stretched over the cathode, and that there is only a thin layer of 
electrolyte left between cathode surface and membrane. 
Polarographie measurement of the oxygen pressure is the electrolysis of 
oxygen at the sensing cathode with a defined negative voltage bias. The mole-
cules diffuse from the external medium through the membrane onto the cathode 
- 16 -
surface where they are reduced. Other substances that could be reduced at the 
same voltage are separated from the cathode by the membrane. It is assumed 
that the current resulting from the reduction is due solely to the number of O» 
molecules diffusing to the cathode in unit time [Kolthoff and L a i t l n e n , 
1940; M u l l e r , 1949] . 
The reference electrode [ i v e s and J a n z , 1961] must be non-polanzable, 
must not be passivated, nor change its potential with current flow over a long 
period of time. This is particularly important with electrodes which lack a 
broad and pronounced plateau in the current voltage curve where even a slight 
change in voltage may lead to erroneous reading and nonlinear calibration curve. 
The bridge between cathode and anode should preferably consist of a buffered 
electrolyte solution. Alkaline pH values provide a broader plateau than acid 
buffers due to the more negative hydrogen decomposition voltage [Kol thoff 
and J o r d a n , 1952 a and b; M o c h i z u k i , 1951]. For complete reduction of 
oxygen the negative voltage bias should he approximately in the middle of the 
plateau where small variations of the voltage [also due to voltage changes with 
current flow in resistances of the circuit] do not appreciably influence the 
current with constant oxygen pressure. It has been suggested [ N e v i l l e , 196l] 
to use metals which produce the required voltage bias for oxygen reduction 
without application of an external voltage source. 
The height of the Polarographie curve wave depends only on 
a] The process of mass transport [diffusion and/or convection] , 
b] The applied voltage bias. 
In the polarogram of fig. 3 the curve leaves the abscissa at about - 0.2 volt 
[reduction potential] whereafter the depolarization proceeds with increasing 
negative voltage and becomes constant at the level of the limiting diffusion 
current or plateau. In this region all oxygen supplied to the cathode is reduced, 
the current depends only on the supply of oxygen and is a measure of the 
external oxygen pressure. This phenomenon has been demonstrated convincingly 
by S p r i n g e r [1964] who made visible the mass transport to the electrode by 
its glowing in an electro-chemoluminescent solution. With still higher negative 
voltages the current rises again due to the hydrogen decomposition. The half 
wave potential as defined by H e y r o v s k y and I l k o v i c [1935] is characteristic 
for the nature of the reacting substance and is largely independent of its concen-
tration. 
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The mechanism of the processes occurring at the indicating electrodes 
has not yet been fully elucidated [ D a v i e s , 1962]. Noble metals such as 
platinum or gold are used for the cathode, because they are not attacked by the 
solution [ i v e s and J a n z , 196l]. Other surface-active substances may, however, 
influence the electrode processes even in small concentrations [ R e i l l e y and 
S t u m m , 1962] : their absorption decreases the limiting diffusion current, 
displaces the half wave potential, and may distort the whole wave. Oxide films 
on platinum electrodes have been described by Kol thof f and T a n a k a [1954] 
as well as by A n s o n and L i n g a n e [1952] , and on gold electrodes by B a u ­
m a n n and S h a m [1957] and by H o a r e [1964] . Laitinen and E n k e [i960] 
found mono-oxide layers which were measured and analyzed by A n d r e e v a 
and S h i s h a k o v [l96l] . The influence of these oxidative processes on the 
polarogram was investigated by B o r i s o v a and V e s e l o v s k i i [1953] , and 
L e e et al. [l957] described a cathodic pretreatment to remove these oxidized 
materials. 
The hydrogen decomposition voltage is considerably higher for gold resul­
ting in a longer plateau and making this metal particularly suited for use in 
oxygen reduction. Its surface properties are valuable in regard to the often 
poorly reproducible resting potentials [ B a u m a n n and S h a m , 1957; V i e l -
s t i c h , 1958] . 
The basic chemical reaction of oxygen reduction is described in different 
ways by various authors. In principle the reduction proceeds in two steps and 
may be expressed for alkaline solutions as follows according to V e t t e r [l96l] : 
l ] 0 2 + H 2 0 + 2e" = HOg + OH" 
2] HOJ + H 2 0 + 2e" = 3 OH" 
The manner in which Η,Ο, decomposes to water and Oj depends on the cathode 
surface so that the number of electrons involved may vary between 2 and 4 
resulting in a different amplitude of the wave. The decomposition is therefore 
different with individual electrodes and depends also on the conditions of the 
whole system [e.g. temperature, presence of catalysts, etc.] . 
К is evident, therefore, that the electrolysis of oxygen is not a simple 
and direct reaction according to 
0 0 + 2 H.O + 4e" = 4 OH 
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but a complex reaction consisting of various components [ D e la hay , 1950 
and 1954; V i e l s t i c h , 1958; G i n e r , 1959] . 
The fundamentals of polarography are covered in the following selection 
of textbooks: 
M ü l l e r , 1949 and 1951; Kol thoff and L i n g a n e , 1952; M e i t e s , 1955; 
B r e z i n a and Z u m a n , 1956; von S t a c k e l b e r g , 1956; M i l n e s , 1957; 
H e y r o v s k y , 1960. 
The kinetic processes in the zone between solution and metal were descri-
bed by G l a s s t o n e et al. [l94l] and by V e t t e r [l96l] . An introductory 
survey on the different methods for measuring pO„ was prepared by G l e i c h -
m a n n and L u b b e r s [i960] and by N ü r n b e r g [l962]. 
A good compilation of the Polarographie literature may be found in the 
two volumes by L e e d s and N o r t h r u p [l950] for the period of 1903 to 1949, 
and by Sargent Company [1956] for the years of 1922-1955. 
CONCLUSION 
It may be concluded from this survey that the most promising system for 
measuring oxygen pressure by polarography should include gold as cathode, 
silver/silver chloride as anode, and a buffered alkaline electrolyte as connecting 
bridge. The exact composition of the electrolyte with particular reference to 
buffering and pH value as well as the number of electrons exchanged per mole-
cule oxygen remain to be investigated. 
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I I . BASIC THEORY 
The following chapters present a study of the factors determining and 
Influencing the electrode current. As mentioned before the current is the result 
of the chemical processes in the Polarographie cell and is proportional to the 
number of oxygen molecules arriving at the cathode surface per umt time. 
Since this number is governed by the oxygen pressure outside the membrane 
the current should be proportional to the external oxygen pressure. However, 
the supply of oxygen to the cathode may be impaired by secondary influences 
resulting in a too low reading. These influences may be of chemical origin, 
e.g. caused by the course of the Polarographie reaction, or they may be of 
physical nature including effects of diffusion, convection, temperature, etc. 
This treatise is mainly concerned with the physical factors concerning the 
reaction of the electrode to their environmental conditions such as various 
media, difference in flow rate, sudden changes in oxygen concentration. The 
chemical reaction itself is supposed to occur undisturbed and proportional to 
the available number of oxygen molecules at the cathode surface. In other words, 
we are concerned here only with the problem of the oxygen supply to the cathode 
and not with interferences at the level of the chemical reaction. It should be 
noted, however, that the expected degree of agreement between theoretical 
calculations and experimental measurements will be limited, because of the 
uncertainties in the characteristics of the materials used in the construction 
of the electrodes; there is a limitation, for instance, to the accuracy of the 
mechanical construction of the cathode surface and in the characteristics of the 
membranes as described by the manufacturers. The results of these computations 
represent, therefore, only a guide for the appropriate construction of the 
electrodes to meet certain requirements. For this purpose simplified models 
will be considered which circumvent cumbersome numerical operations without 
deviating too much from the real situation. Accurate calculations will often be 
impractical and may even not be justified, because they would barely be of any 
use for the practical construction of the electrodes. 
- Σ Ο ­
Ι. THE LAWS OF DIFFUSION 
Diffusion is a process leading to equilibration of concentration. It is based 
on the statistical Brownian movement of the molecules which as such does not 
show any preferred direction. The laws of transport by diffusion were found 
experimentally by F i c k in 1855 and later derived mathematically in analogy 
to Fourier's equation for heat exchange. 
First law of F i c k : dQ dt D A grad с [1] 
In this equation Q stands for a quantity of substance which will be defined later 
in mol or in ml according to the respective requirements. Furthermore с de-
notes the concentration of this substance defined as quantity/cm , and χ is the 
length of the diffusion path in cm. Solvent denotes henceforth the oxygen con­
taining medium. 
Fig. 4 Volume element for unit surface area of an imaginary diffusion system. 
Using the symbol J the first law of Fick becomes 
D grad с [2] 
The second law of Fick is obtained in the following manner [fig. 4] : At χ = О 
a quantity Q' dt flows into the volume element whereas at x-dx a quantity 
[Q1 - dx ¿ Q ' / i x ] dt flows off. Thus the diminution of substance is 
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- dx dt ÒQ' /àx [3] 
Considering the time t there is a quantity cAdx in the volume element. At t+dt 
it increases to [c + dt o c / o t ] A dx. Thus the gain is 
dt A dx é c / ¿ t [4] 
Equating eq. 3 and 4 
4 £ dt A dx = - 4 - ^ dx dt 
i t i Χ 
The last expression together with eq. 1, differentiated for x, leads to the se­
cond law of Fick; in its general form it is given by: 
-jj- = D div grad с [5] 
Pure diffusion can only be seen in solids. In solutions and in gases the move­
ment of the solvent or of the gas by free or forced convection always plays a 
certain role [ F r a n k - K a m e n e t s k i i , 1955]. 
1.1. C o n v e c t i o n 
Convection is called the transport of substance caused by the movement of 
the gas or the fluid as a whole, contrary to the Brownian molecular movement 
where a transition occurs only by the movement of the individual molecules. 
We speak of free convection if the exchange is caused by the same difference 
of concentration which also determines the diffusion transport of the substance; 
if, however, this movement is caused by external forces we speak of forced 
convection and a term must be added to the laws of Fick accounting for this 
kind of transport [ F r a n k - K a m e n e t s k i i , 1955] . Furthermore possible simul­
taneous chemical reactions have to be taken into account in these laws. 
If a mass movement of velocity ν is combined with diffusion in the trans­
port of a substance, equations 2 and 5 become: 
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First law of Fick: J = - D grad с + ve [6] 
èc 
it 
1 Q , 
Second law of Fick: -J-T- = D div grad с - ν · grad с [7] 
These equations hold for incompressible media where div ν = 0. 
In the following a selection from the literature on the mathematical treat­
ment of diffusion processes is presented. 
J a c o b s , 1935; C a r s l a w and J a e g e r , 1948; B a r r e r , 1951; 
J o s t , 1955; C r a n k , 1956; T y r e l l , 1961; F r a n k and von M i s e s , 
1961. 
2. THE DIFFUSION COEFFICIENT 
The diffusion coefficient D is defined as the amount of substance transpor­
ted per unit time, per unit surface area, and per unit concentration difference 
with a given temperature and for a particular solvent. It characterizes the 
process of diffusion for a particular substance and is a constant only for rela­
tively dilute solutions. 
In the absence of external forces the following definition may be used: 
J = [D/x] С = u С [8] 
In this expression u equals the mean diffusion velocity, also called diffusion 
velocity constant. 
According to E i n s t e i n - S t o k e s - S u t h e r l a n d the quantitative relation­
ship between diffusion coefficient and viscosity is given by 
η -
 k T 
D
 - é TT μ a 
[units see section VII ] which only holds for dilute solutions and for particles 
which are round and relatively big compared with the molecules of the solvent. 
ft may be seen that D is proportional to the temperature and inversely propor­
tional to the viscosity. The applicability of this formula is restricted as was 
pointed out by M a n u e l and L a m b o s sy [1945] in a critical review and compi­
lation on the interpretation of the oxygen diffusion coefficient. For further 
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details the reader Is referred to the theoretical investigations by G l a s s t o n e 
et al. [l94l] and E y n n g [1936] on the relationship between diffusion and 
viscosity. 
2 .1 . D e p e n d e n c y of t h e D i f f u s i o n C o e f f i c i e n t on T e m p e r a t u r e 
Within a restricted range the dependency of the diffusion coefficient on 
temperature in solids may be described by the law of Arrhemus [ R o g e r s et 
a l . , 1962] : 
D = D' exp [-E/RT] [9] 
E is the energy of activation of the diffusion process and D'is a constant for a 
given substance. When plotting log D against l/T a straight line is obtained with 
a slope of -E/R. The activation energy E is a measure of the energy necessary 
for the transport of the diffusing molecules In the presence of a concentration 
difference. 
Some data on oxygen diffusion coefficients in various solvents are listed 
below. The scatter of the values for water as reported by different authors 
illustrates the difficulties of the measurements. Accurate measurements, in 
membranes particularly, are only possible in the case of very small diffusion 
velocities. For instance, no data are known for thin Teflon films. 
M y e r s et al. [1962 a] measured the following values for the diffusion of 
oxygen in two different polyethylene membranes: 
(J = 0.922 g/cm3 D' = 1 . 8 10"5 cm2/sec E = 9.2 Kcal 
9 = 0.968 g/cm3 D' = 0.19 IO"5 cm2/sec E = 8.4 Kcal 
The diffusion of three gases in water was investigated by G e r t z and L o e s c h c k e 
[1954]. Their results are presented in fig. 5 as a function of temperature. 
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Fig. 5 Diffusion coefficient 
of O2, N2 and H2 in 
water as a function of 
temperature [with kind 
permission of the 
authors G e r t z and 
L o e s c h c k e ] . 
2.2. D e t e r m i n a t i o n of t h e D i f f u s i o n C o e f f i c i e n t 
The diffusion coefficient may be determined from concentration measure­
ments on the basis of the first or second law of Fick. Indirect determinations 
by optical, electrical or gravimetric procedures were described by D u c l a u x 
[1936] , M a n u e l and L a m b o s s y [1954] , J o s t [1955] and others. The deri­
vation of the diffusion coefficient from the second law of Fick was presented 
by B a r r e r [l95l] . 
These methods have been applied to biology. K r e u z e r [ 1950 b] has investigated 
the diffusion of oxygen in serum protein solutions, verifying the validity of Fick's 
second law [considering D=constant] in solutions of concentrations up to 30 g %[fig. 6 
In hemoglobin solutions, however, the second law of Fick held only up to 
a concentration of about 8 g% [ K r e u z e r , 1950 a] . With higher concentrations 
the specific effect of hemoglobin on oxygen increasingly affected the diffusion 
of oxygen, leading to an apparent deviation from the second law of Fick [see 
next section] . 
A number of diffusion coefficient values from the literature are presented 
below. The subscript о in D designates the oxygen diffusion coefficient in liquid 
or gaseous media [D ] , whereas the subscript m refers to diffusion in solid 
phase, e.g. in membranes [D ] . 
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Fig. 6 Diffusion coefficient of oxygen in serum protein solutions of different 
concentrations [ K r e u z e r , 1950 b. Reprinted with kind permission of 
the author] . 
Table 1 Diffusion Coefficients 
D [cm 0 L 
Air 
Water 
Serum 
2 /sec] 250C 
2.07 
2.51 
2.38 
2.6 
1.9 
2.3 
1.98 
1.63 
10" 
10' 
11 
It 
π 
II 
11 
11 
-1 
-b 
Handbook Chemistry, Physics 
Handbook of Respiration 
Kolthoff and Laitinen 1940 
Kotthoff and Miller 1941 
Kreuzer 1950 b 
Pircher 1951 
Handbook of Respiration 
Kreuzer 1953 
370C 
2.23 
3.21 
2.53 
2.54 
IO"1 
IO"0 
IO"0 
11 
Handbook 
Chem. Phys. 
Handbook 
of Resp. 
Handbook 
of Resp. 
"ertz and 
1îeschcke 
1У60 
continued 
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Table 1 
ft 
Do [cm /sec] 
Whole Blood 
D m [cm2/sec] 
Teflon 
250C 
1.3 IO - 5 Marx et al. 1960 
_7 
4. 6 10 own measurements 
370C 
1.67 IO"5 Marx et al. 1960 
_7 
~ 5.6 10 own measurements 
2.3. D i f f u s i o n of Oxygen in B lood 
Oxygen is taken up in the lungs by diffusion and is present in the blood in 
two different forms [Ruch and F u l t o n , 1960; C o m r o e et a l . , 1962; Guy-
t o n , 1963; etc.] : 
a] Oxygen physically dissolved 
b] Oxygen chemically bound with hemoglobin of the red cells 
With normal air breathing the amount of physically dissolved oxygen is small 
compared with that in chemical combination. The amount of both forms depends 
on the partial pressure of oxygen. The concentration of physically dissolved 
oxygen is a linear function of pOj [law of H e n r y - D a l t o n ] whereas the rela-
tionship between the chemically bound oxygen and the pO, is expressed by the 
sigmoid oxygen dissociation curve [fig. 7] , the position of which depends also 
on pCOp, pH and temperature. The diffusion laws of Fick are concerned with 
the processes in physically dissolved oxygen only. As previously mentioned 
these laws also hold for the diffusion of oxygen in the presence of inert sub-
stances such as serum proteins. The simultaneous presence of hemoglobin or 
red cells causes apparent deviations from the second law of Fick [ K r e u z e r , 
1950 a and b, 1951 a and b, 1953; Klug et a l . , 1956 a and b] . 
In order to apply equation 5 to the diffusion of oxygen in blood not only 
the simultaneous process of convection but also the simultaneous chemical reac-
tions occurring in the chemical binding of oxygen with hemoglobin have to be 
taken into account resulting in the following formula: 
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oc 
TT = D div grad с - ν · grad с + f 
f equals concentration changes by chemical reaction. Methods for the mathe­
matical treatment of simultaneous diffusion and chemical reaction in blood have 
been suggested by H i l l [l929] , R o u g h t o n [1932] , T h e w s [1956 and 1957] 
and others. 
The question might be asked whether it is the concentration or the partial 
pressure which is measured by a membrane covered solid electrode. L o n g m u i г 
and A l l e n [l96l] studied this problem and concluded that it was the partial 
pressure. If a gas is in pressure equilibrium with a solution no net exchange 
occurs between the two phases [Stow et a l . , 1957] . Furthermore it is only 
the free physically dissolved oxygen which determines the diffusion through a 
membrane permeable for oxygen. Therefore the partial pressure present at the 
interface between membrane and solution or membrane and gas determines the 
current occurring in an oxygen cathode. 
In solutions with low diffusion rate the layer adjacent to the oxygen con­
suming cathode may be depleted of oxygen and sufficient agitation has to be 
provided to keep the pO at the interface equal to that in the bulk of the solu­
tion. 
When using a bare electrode in blood the erythrocytes might exchange 
oxygen directly with the cathode. Therefore, with increasing pO, the measure­
ment of the oxygen exchanged at the cathode may provide a curve similar to 
that of the oxygen hemoglobin dissociation of fig. 7 [see M a r k u s and B a u m -
b e r g e r ] . This direct exchange is inhibited in the case of an electrode covered 
with a membrane permeable to gaseous oxygen only. 
vol » O b 
100 120 140 
P O B
 l n
 nun Hg 
Fig. 7 Oxygen dissociation curve of blood. The sigmoid curve shown here 
includes only the oxygen combined with hemoglobin, i. e. without physi­
cally dissolved oxygen. 
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3. SOLUBILITY OF OXYGEN Ю SOLVENTS 
When a solvent is exposed to oxygen the O, molecules gradually diffuse 
into the solvent until eventually pressure equilibration is reached where no net 
exchange takes place between the two phases and the amount of physically dissol­
ved molecules remains constant at unchanged temperature for a given solvent. 
The gas concentration in the solution is proportional to the gas pressure [Law 
of H e n r y - D a l t o n , 1803] . 
c
o
 = cc p 0 2 [10] 
The solubility coefficient oí is a measure of the quantity of gas absorbed by 
unit volume of solvent in the presence of a partial pressure of 760 mm Hg. 
It vanes with different gases and solvents as well as with temperature 
and m the presence of other dissolved substances [see B a r r e r 1947 or H e d -
l e y - W h i t e and L a v e r , 1964] . Tables of oc for various substances are 
compiled in the Handbook of Chemistry and Physics and in the Handbook of 
Respiration. Some data are listed here: 
Table 2 Solubility Coefficients 
ml O, ST Ρ 
* n [ — Τ " 5 ] 
0
 cm 760 mm Hg 
Water 
Serum 
Blood 
ml O, STP 
m L
c m
3
 760 mm HgJ 
Teflon 
250C 
2.83 1 0 " 2 
2.5 " 
~ 2 . 7 " 
~ 0. 239 [own measure­
ments] 
37 0C 
2.39 
2.1 
2.35 
~ 0 . 2 5 
IO"2 
11 
11 
[own measure­
ments] 
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3.1 . T e m p e r a t u r e D e p e n d e n c y of t h e S o l u b i l i t y C o e f f i c i e n t 
The temperature dependency of oí may be expressed by the law of Arrhe-
mus for a small temperature range [ R o g e r s et a l . , 1962] . If H is the heat 
of solution and oc' a constant for a given gas and material we can write: 
oc = et' exp [^γ] [il] 
The temperature dependency of ot, for various gases was compiled by L a w r e n c e 
et al. [1946J and is presented in fig 8. 
4. PERMEATION OF GASES THROUGH A MEMBRANE 
The concentration difference in the first law of Fick for steady state condi­
tions becomes for the permeation of O, through a membrane [fig. 9] : 
i с ~ Ck - Cm
 ы
 г
 P k - Ρ 0 2 π г , , , 
Τ3Γ = W = " ' m L І5 -I t 1 2 ] 
Apart from the symbols explained in the list of section П we have more speci­
fically: 
p. , c. Partial pressure or concentration at the membrane-cathode interface. 
For a membrane well stretched on the cathode the remaining concen­
tration difference between membrane and cathode may be neglected. In 
this case subscript к indicates partial pressure or concentration at the 
surface of the electrode. 
pO, Partial pressure in the bulk of medium. 
Combining eq. 12 with the first law of Fick: 
PÓ, '- ρ, ["ar i] W = *m D m = P m M 
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Fig. 8 Temperature dependency of ы. for various gases in water as compiled 
by L a w r e n c e et al. Reproduced with kind permission of the authors. 
As we will find in chapter 4.2., the permeation coefficient Ρ of a mem­
brane is the conductivity of the membrane where the pressure difference is deter­
mined by the gas pressures on both sides of the membrane only [p. and рО„] ; 
in physiology Ρ is often called Krogh's diffusion coefficient, 
m . 
Ρ may be defined as cm of gas [STP] diffusing in 1 sec through an area 
of 1 cm' of a 1 cm thick membrane under a pressure difference of 760 mm Hg 
between both sides or: 
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ρ ρ cm Og STP cm η 
m L Τ J 
sec cm 760 mm Hg 
The permeation coefficient is independent of membrane thickness [ R o g e r s et a l . , 
1962] . 
Membrane 
Cathode 
Fig. 9 Longitudinal section of cathode and membrane of an actual electrode 
with indication of symbols used in derivation. 
A simple explanation of the diffusion process through a membrane is based 
on equilibrium sorption. When applying a sudden pressure difference across a 
membrane gas enters one side of the membrane [sorption] , is taken up by the 
membrane material [absorption] and finally leaves the membrane on the other 
side [desorption] until eventually a steady state of diffusion is reached across the 
membrane. 
The diffusing quantity may be seen as a linear function of time onlj if the 
induction time or the transient phase is negligibly short. In the case of t mem­
brane-covered solid oxygen cathode as shown in fig. 9 the oxygen pressuie at 
the cathode surface with appropriate negative bias is constantly kept at zero and 
the transport of substance is only determined by a concentration differenct across 
the membrane. The transport is caused only by diffusion in the absence of exter­
nal forces and the first law of Fick [eq. l] may be applied. Additional informa­
tion concerning problems of permeation may be found in papers by R o g e r s et al. 
[l962] or by B r u b a k e r and K a m m e r m e y e r [l953] . 
- 32 -
4 .1 . T e m p e r a t u r e D e p e n d e n c y of t h e P e r m e a t i o n C o e f f i c i e n t 
u was mentioned above that for narrow temperature ranges the diffusion 
coefficient D and the solubility coefficient oí can be expressed by Arrhemus' 
law so that it follows from equation 13 [ B e r k e n b o s c h and R i e d s t r a , 1963]. 
Ρ = OÍ D = Ρ' exp - Г|і2-1 Гі4І 
m m m m ^ LR χ J L-"J 
With E = E-Η and substituting К = E /2.303 R we find again that plotting log 
Ρ versus 1/T gives, within a certain temperature range, a straight line with 
slope - K. 
log p
m
 = log P ^ - ^ log e = log P ^ - f 
With Ρ and Ρ as the permeabilities at the respective temperatures T. and 
T„ the energy of activation is derived: 
E p = 2.303 R log [ P m i / P m 2 ] [ - ï p r ï f - ] [15] 
For measurements of the permeation coefficient reference is made to Huldy 
[l964] giving full description of method and apparatus. 
For determining O, permeation in Teflon membranes it is necessary to 
know diffusion and solubility coefficients. However, no data could be obtained 
concerning these two coefficients for oxygen in Teflon, therefore approximate 
values had to be assumed in our subsequent calculations. These values were 
determined from our own measurements and do not claim to be of high accuracy 
[see section Ш. 4] . 
Fig. 10 shows experimental mean values of oxygen permeation [P ] in 
Teflon membranes of various thicknesses against temperature in logarithmic 
plot. 
The following table lists the oxygen permeation coefficients compiled from 
the literature for some frequently used membranes. 
The Teflon membranes used in this work are always made of TFE if not 
specified otherwise, in contrast to the liquid Teflon which will be treated later 
and which consists of FEP. 
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0 2 in Teflon 
1,2 10' 
1,0 10 
Ep= 4.12 Kcal/mol = 2,303 fiilog ρ—^}(γ3^) 
Fig. 10 Oxygen permeation m Teflon membranes. Mean values measured on 
sheets of various thicknesses and from different factories [with kind 
permission of the authors Dr. Berkenbosch and Dr. Riedstra, Leyden 
University, Physiology] . 
Table 3 Permeability Coefficients 
Saran [Polyvinylidene Chloride] 
Nylon 6 
Mylar [Polyester] 
Kei F ¡Tnthene] 
Polyethylene [High density] 
Polyethylene [Low density] 
[25°C] 
[30 ] 
[25 ] 
[30 ] 
[25 ] 
[25 ] 
Teflon FEP [Fluorethylene Propylene] [37. δ] 
Teflon TFE [Tetrafluorethylene] 
Teflon TFE 
Ethyl Cellulose 
Silastic [Silicone Rubber] 
[25 ] 
[37 ] 
[30 ] 
[25 ] 
0.46 I O " 1 0 
2.88 " 
5.02 " 
42.5 " 
0.1 IO" 7 
0.26 " 
0.36 " 
0.49 " 
1.05 " 
2.0 « 
45.0 " 
[Dow Corning] 
[Rogers et a l . , 
[Dow Corning] 
[Rogers et al . , 
[Dow Corning] 
[Dow Corning] 
[Karel et a l . ] 
[Dow Corning] 
[Peirce] 
[Rogers et a l . , 
[Dow Corning] 
1962] 
1962] 
1962] 
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4.2. P e r m e a b i l i t y of M u l t i - L a y e r M e m b r a n e s 
When combining membranes to a multi-layer membrane the new permeation 
coefficient Ρ for the stationary state is : 
tot 
χ
 x l * 2 _*i 
ρ = ρ — + ρ + . . . + Τ Γ — 
m t o t m l m 2 m i 
[16] 
χ = x, + x 9 + . . . + χ Sum of thicknesses of single layers x, . . . χ 
1 ^ 1 1 1 
Ρ Permeability of single membrane 1.. . i. 
m l . . . i 
Studies on multi-layer membranes were published by R o g e r s et al. [l957] and 
B a r r i e et al. [l962] . 
The expression χ / Ρ might be regarded as a resistance against the diffu-
1 ΙΏι 
sing gas. The intrinsic diffusion resistance comprises the area of the investiga­
ted volume element of diffusion, too. As an example the i-th membrane diffusion 
resistance is given by 
χ [lenght of the diffusion path] 
m ~ ~K [diffusion area] . Ρ [conductivity] 
The total resistance of a multi-layer membrane equals the sum of individual 
resistances 
R _ = R
m
 + R
m
 + •·• + R
m m t o t l 2 m i 
The definition of the diffusion resistance is not restricted to membranes. И may 
be applied to any gas diffusing through any kind of layer. Using again the former 
subscripts, R designates the oxygen diffusion resistance in liquid solvents, R 
in membranes. 
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4.3. C h o i c e of M e m b r a n e M a t e r i a l 
For the design of an appropriate oxygen measuring system it is necessary 
to choose the optimal membrane material with respect to biological conditions, 
chemical reaction and diffusion process. 
Films which are highly permeable to water vapor or to ions are not suitable 
Among hydrophobic films, e.g Polyethylene, Teflon or Mylar good electrical 
insulators are found; their diffusion characteristics are practically unchanged in 
the presence of water vapor [ M y e r s et a l . , 1962 b, R o g e r s et a l . , 1962] . 
The electrolyte in the cell constantly evaporates through the membrane and finally 
dries out [ G r a n g s j o and U l f e n d a h l , 1962] . The permeation coefficient of 
hydrophilic films is a function of the relative humidity [ M y e r s et a l . , 1962 b] 
which are, therefore, unsuited. 
Further requirements for the membrane are: 
a] Diffusion characteristics independent of barometric pressure 
b] High mechanical stability, even in very thin films 
c] Inertness against the electrolyte of the cell and the biological medium. 
The membrane properties are important in determining sensitivity, flow depen-
dency and response time of the electrode [see B a r e n d r e c h t , 1965] , for: 
Increasing the cathode area increases the flow dependency. This is counter-
acted by using less permeable membranes. The result is an extremely 
long response time which is a function of the membrane thickness and of 
its permeability. 
Reducing the cathode area improves the flow dependency characteristics 
allowing the use of highly permeable membranes for short response times. 
The result is such a small current, which is also a function of the cathode 
area, that its detection can be only achieved with costly electronic equipment. 
Teflon was found to be best suited for our purpose. Only in 1963 a publica-
tion by Homsy disclosed new applications: Teflon could be used as a bonding agent 
to metals, too. 
The rate of water vapor transition through Teflon is an important factor 
with respect to water evaporation and therefore to the design of the electrolyte 
reservoir; it is 
- 36 -
ml Η,Ο, 6.4 I O " 4 cm 
[ — Ч ] 
hour, cm , 760 mm Hg 
Du Pont Journal of Teflon [l965] for 30 oC - 1 . 7 1 0 " 2 
Own m e a s u r e m e n t s , NaOH electrolyte [pH 9] for 25 0 C ~ 1 . 5 " 
5. C E L L CURRENT EQUATION 
According to the law of Faraday the quantity of substance [M m g r a m s ] 
deposited at an electrode i s proportional to the t ranspor ted charge of electricity 
and is equal to 
M = к' i t 
к ' Proportionality constant defined as the quantity of an element set free by 1 
coulomb. Different quantities set free by the same charge of electricity a r e 
proportional to the e lectrochemical equivalent 
r molecular weight G -ι 
L η -I 
F 96500 coulombs l iberate 1 e lectrochemical equivalent. 
η Number of e lectrons involved in the [oxygen] reduction p r o c e s s . 
w - G __L_ 
k
 - — мш 
rui 
ι = n F - p - = n F ^ 
M г 
Q* = -^г g r a m molecules I moles] 
The current oí the oxygen cathode i s determined by the quantity of oxygen supp-
lied by diffusion to the cathode in unit t ime . For a membrane-covered electrode 
in steady state this quantity is expressed by the f irs t law of Fick [with equation 
1 2 ] : 
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с* - с* Q* д г. г m k l 
Τ "
 = A D
m t w ] 
. η 1 O, STP 
с* Г
 m o e s
 ]
 = c
 /22400 molar concentration: с Г > 1 oxygen con-
m ' - 3 J m ' m L ¿ ζ ¡, 
cm cm centration, see 
also fig. θ 
nF _Α_
 η
 г -ι 
1
 " 224ÔÔ W um Lcm - c k J 
с. Concentration of oxygen at the cathode, determined also by the applied vol­
tage V . With V sufficiently negative and in the plateau range of the pola-
rogram c k becomes zero. Then the cell current is called limiting diffu­
sion current determined only by the oxygen pressure adjacent to the exter­
nal side ot the membrane. 
nF A _ Γ,_
Ί 
'e
 =
^Ш IT Dm Cm L17] 
The general form of the cell current equation [case of limiting diffusion current; 
χ originating at the cathode surface] is 
1
е = Ш
Э Т
А о
 [-íf] M 
which holds for 0 С and 760 mmHg [derivation see D e l a h a y , 1954] . 
с of eq. 17 can readily be determined with eq. 10 for the steady state of 
diffusion [oxygen pressure outside of membrane kept constant] . With the usual 
assumption of a constant partial pressure within the membrane-solvent interface 
the complex concentration relations within this area may be expressed by a parti­
tion coefficient h: 
oí /ы. = с /с ГіЭІ 
о m s' m
 L J 
Constants such as 760 mm Hg, nF, the molar volame and the temperature depen­
dency are combined m one single expression К-: 
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Computing eq. 20 for η = 4, 760 mm Hg and 250C we get KT ~ 0.02. 
Together with eq. 13 the cell current equation 17 finally becomes 
'β = ^ - τ τ
1
- P 0 2 [21J 
Thus the cell current is a linear function of the oxygen partial pressure at the 
membrane-solvent interface. 
6. SOLVENT FLOW 
The nature of convection is determined by the behavior of the solution or 
of the carrier gas, i. e. the solvent. The solvent may move in laminar or turbu­
lent flow. A regular movement is called laminar flow where rot ν = О. Diffusion 
perpendicular to flow of fluid occurs as in an unmoved medium and substance is 
transported by the motion of molecules only. 
An irregular movement is called turbulent. The velocities vary statistically 
with time in every point. Substance is exchanged by turbulent pulsations or ran­
dom movements of small volume elements of gas or solution. 
A streaming medium adheres to the walls of the tube where the velocity 
is zero. Hence there must be a region where the velocity decreases from its 
value m the bulk to zero. This zone is called laminar hydrodynamic boundary 
layer [ P r a n d t l , I960] . This term separates a streaming fluid into a bulk flow 
[velocity vl and a region where viscous forces are determining [wall zone] . The 
medium or fluid outside the boundary layer may be considered free of friction or 
ideal. The boundary layer itself cannot be defined accurately, but the following 
derivation might give an idea of its meaning. 
The hydrodynamic boundary layer В is supposed to be formed on a plate 
by a solution streaming parallel to its surface. The quantity [ o b (3 v] entering 
the boundary layer in unit time shows a loss of momentum per unit time equal 
2 
to velocity times quantity [ j b (ΐ ν ] . This impulse should be of the same magni­
tude as the force of friction close to the surface of the plate [shear stress times 
area] . With к as a dimensionless constant for laminar flow it is 
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<jbpv ~ b d μ y j ~ b d p j -
k L ^ e»] 
Within this boundary layer the velocity is reduced from its supposedly irictlonless 
value ν to the value determined by the adhesion to the plate. Outside the boundary 
layer changes of the velocity perpendicular to the direction of flow [-4—-] are al­
ways so small that the influence of viscosity may be neglected. 
Extensive discussions concerning the impulse equation of the boundary layer 
were presented by E c k e r t [l949] and S c h l i c h t ing [1958] . Since the flow 
dependency of the oxygen electrode is an important phenomenon it might be appro­
priate to give a brief account of some further aspects of a streaming fluid and 
to investigate the behavior and the flow distribution of a solution. A measuring 
cell of relatively small dimensions is assumed to be placed into the streaming 
solution with its longitudinal axis perpendicular to the streamlines and its plane 
indicator surface parallel to them [fig. I l ] . This indicator surface and the well 
stretched membrane may be conceived in analogy to the wall with its adhering 
fluid mentioned above. With laminar flow a boundary layer is formed [eq. 22] 
and the bulk velocity distribution is given by H a g e n - P o i s e u i l l e ' s Law. With 
turbulent flow this does not hold. The transition from laminar to turbulent flow 
is defined by the critical number of R e y n o l d s : 
v
c r i t d „ 
μ* с rit 
with eq. 22 £ . „ ^ [ К е ^ ] ^ 2 
Turbulence originates from a boundary layer; its velocity distribution according 
to P r a n d t l [i960] is 
г * / 7 7 
т =
 v
 tiri 
and because of 
á v T 1 
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it does not apply at χ = 0 since the shear stress at the wall would grow to infini­
ty. Close to the wall turbulence disappears and the streamlines cling to the wall, 
again forming a laminar boundary layer where the velocity decreases linearly to 
zero. 
Turbulent flow favors the exchange of oxygen by convection. The extension 
oí the turbulent boundary layer according to E c k e r t [l949] is: 
P T = k T d / - \ / R i 
The laminar boundary layer (3
 T T of the turbulent flow is given by 
4?b- - [Vv]7 =186/[Re]0·7 
In summary, both laminar and turbulent flow have a laminar boundary layer 
adhering to the surface of an electrode located in a flowing medium. With cell 
dimensions small compared with the cross-section of the streaming medium the 
extension of this boundary layer will be small. Furthermore transport across 
this boundary layer occurs only by diffusion [i. e. by Browniait movement of 
molecules] as in a medium without motion. 
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III. THEORETICAL TREATMENT OF THE OXYGEN CATHODE 
The general form of the oxygen cathode current equation for a double layer 
membrane system is derived from eq. 17 for a single membrane surrounded by 
gas. With a fluid boundary layer adherent to this membrane a new expression 
has to be found for с in eq. 17. If the diffusion current is equal and constant 
m 
in both layers, i. e. 
с с - с 
j = D - Ξ - = D - 2 L 
χ m W o x 
x, с -с Thickness of external layer and concentration difference through it. 
resp. [fig. I l ] 
D , Ρ Diffusion and permeation coefficient of the external layer, resp. 
Substituting eq. 19 for the partition coefficient and rearranging the following equa­
tion may be derived 
J = D - ^ - = p 0
o 
χ m W y 2 w ^ x 
γ-
 +
 ΤΓ 
m о 
The denominator of the right side Is again the sum of the individual resistances 
according to eq. 16. The original current equation 21 becomes for a double layer 
system 
po. 
ι 
e • «τ w ; χ м 
А Р А Ρ 
m о 
The external layer represents the laminar boundary layer on the outside of the 
[Teflon] membrane. It is adherent to the membrane and has a constant thickness 
χ with unchanged velocity of the fluid. The oxygen molecules will diffuse across 
both boundary layer and membrane before reaching the indicator cathode. 
Substituting eq. 22 for χ in eq. 23 we get an approximate oxygen cathode 
current equation for an electrode in a streaming solvent: 
p 0 2 r τ 
i S ν i [24] e " Τ 
fr- + τψ-
о » о 
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This result approximates the flow dependency of a Polarographie oxygen-
measuring cell in a given solvent, expressing the stirring effect in terms of the 
behavior of the flow in close proximity to the oxygen-permeable membrane. This 
equation which is derived for an electrode with the cathode area parallel to the 
streamlines of the solvent will be checked and discussed in the following chapter. 
In practice, however, other positions than this will occur more often; 
especially with measurements in tubes the cathode area is perpendicular to stream-
lines, whith or against direction of flow. But in contrast to the investigated 
case no boundary layer can be defined. In either of the two main positions the 
streaming solvent Is moving and tossing statistically around the centre of the 
cathode area favoring a concentration equilibration in this region. As an impor-
tant assumption [see also next section] the solvent velocity has to be premised 
to be higher than the diffusion velocity. With these two conditions the surroun-
ding of the cathode is not liable to any serious concentration decrease. Therefore 
the electrode current for a given pO, will reach its final deflection already at a 
lower solvent velocity than in case of the cathode area parallel to the stream-
3 
lines. Experiments with our electrode for an average Reynolds' number of 10 con-
firm this. Overpressure or underpressure do not seem to influence the accurate 
pO, reading appreciably. 
1. FLOW DEPENDENCY OF THE ELECTRODE 
The flow dependency of the oxygen cell current mentioned in the introductory 
sections [e.g. N o v a k , 1962, on the stirring effect] may be explained by a de-
crease of oxygen concentration in the neighborhood of the cathode surface in the 
absence of solvent movement since molecules already reduced at the cathode have 
to be replaced by diffusion which may not be fast enough. In this case the cell 
current equation is a function of time. According to Kol thoff and L i n g a n e 
[1952] or Mane y et al. [l962] the initial current for a bare cathode is given 
by:
 i 
ie = itj, y[DA t ] ' co 
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The current decreases until all available oxygen is used up. The flow pre­
vents an undue decrease of the actual oxygen concentration at the membrane-
solvent interface by balancing the 02-molecules reduced and supplied. 
For a given constant solvent velocity an oxygen depletion zone is formed at 
the cathode surface with an extension determined by the law of supply and demand. 
With a given electrode system characterized by cathode area, membrane thick­
ness, permeability and temperature, the solvent velocity is the main determining 
factor of the boundary layer. 
Throughout the following sections this depletion zone will be called diffusion 
boundary layer and its extension is defined with the assumption that substance is 
transported across this stagnant boundary layer by molecular motion only [ F r a n k -
K a m e n e t s k i i , 1955]. Outside of the diffusion boundary layer the solvent is 
assumed to maintain the bulk concentration с since its movement equalizes all 
concentration differences. 
1.1. D i f f u s i o n B o u n d a r y L a y e r 
In 1904 N e r n s t assumed that a layer with an extension £ adheres to the 
surface of an electrode immersed in a streaming fluid and that the fluid is at 
rest within this layer. Particles entering this layer by the motion of the fluid 
will traverse it due to the concentration difference. Assuming a linear decrease 
of concentration within this diffusion path, eq. 16 (for a bare solid electrode) 
becomes 
1
е - «Τ
 A 0
 *
0
 P 0 2 I>5J 
The N e r n s t diffusion boundary layer was indeed measured but not further inve­
stigated and expressed as 
с _ constant 
g has different values in the range of 0. 5 < g < 1. 
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Later authors tried to compute the diffusion boundary layer more accurately. 
Considering a combmation of the transport equation [diffusion and convection] and 
the hydrodynamic momentum equation [including viscosity] a solution was found 
[e.g. L e v i c h , 1947; A g a r , 1947; W r a n g l e n , 1959; W r a n g l e n and N i l s -
s o n , 1962; B a z a n and A r v i a , 1964] for laminar flow as 
„ 1/6 . , 
E
 =
 k
x [jH VDO d / V 
о 
with a constant к . 
χ 
2. CALCULATION OF FLOW DEPENDENCY 
Considering a thin plate parallel to the streamlines of the fluid the above 
mentioned constant к may be derived using the following dimensionless equation 
[ G r ö b e r et a l . , 1961]. 
Nu = constant [Re]1" [Sc] n 
where the number of Nusselt is given by Nu = w , with u as the exchange 
0
 ν d 
coefficient of substance; the number of Reynolds is Re = — j - , the number of 
Schmidt is Sc = μ*/0 . The constant and the factors m and η were determined 
0
 5 
by experiments. For laminar flow and Re < 10 the following values were found 
and are generally accepted 
Nu = 0.332 [ R e ] 1 / 2 [ S c ] 1 / 3 [26] 
The exchange of substance is described by 
dQ' r η 
•азг = -
u
 Lco - c
s
] 
= -0.332 " i [Re] 1 / 2 [ S c ] 1 / 3 [с, - c j [27] 
,V2 
constant N ] 
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Assuming a rectangular mean diffusion boundary layer ε , the mean exchange of 
substance is 
Ì { £-«-£- -°-™%- [Ke]1/2[Sc]l/3[Co_C8] 
which leads to 
№ = 0.664 [ R e ] 1 / 2 [ S c ] 1 / 3 [28] 
The exchange coefficient of substance u is equivalent to the mean diffusion velo­
city of eq. 8: 
u = D
o
/e 
Hence the constant к in £ is determined by 
, » 1/6 D d 1/2 
ε
 = -от [Η С-?-] W i t h kx = "OUT = 3 № 
о 
The constant к in the mean diffusion boundary layer ε follows from eq. 28 and 
is 
ч * 1/6 D d 1/2 
E
 = -™да ни
 with k
x = -oer =
i
·
5
 № 
о 
This holds for electrode constructions which practically do not disturb the given 
flow pattern. Our electrode has an overall diameter of 0. 2 cm. For a solvent 
velocity of 50 cm/sec Reynolds' number in water is ~ 1400, in blood ~ 400. 
Thus the diffusion boundary layer primarily represented by the hydrodyna-
mic boundary layer [eq. 22] has to be regarded as responsible for the flow depen­
dency of the oxygen cathode. Therefore the cell current depends on the diffusion 
characteristics of the system, especially in the range of lower velocities. 
Hence measurements in various solvents under identical ambient conditions, 
i. e. constant pO,, solvent velocity and temperature, should result in different 
slopes of the calibration lines as verified experimentally by G l e i c h m a n n and 
L u b b e r s [i960] . 
These considerations are depicted in simplified form in fig. 11 for an oxygen 
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cathode and a membrane parallel to the streamlines of the solvent. The following 
deliberations on flow dependency are based on this figure assuming a constant 
velocity or a constant boundary layer extension t which is a function of velo­
city; the higher the velocity the smaller ε becomes [see also fig. 12] . 
'
0
 І«і-«. 
χ κ - ω с . в О 
Fig. 11 Schematic diagram of a membrane-covered solid electrode in a strea­
ming oxygen-containing solvent. The blank diffusion boundary layer is 
in equilibrium between cathodic oxygen consumption and convective 
oxygen supply by the solvent. The dimensions of the electrode are so 
small that the flow distribution may be assumed to remain undisturbed. 
It should be mentioned that the rectangular diffusion boundary layer ε as 
depicted here is representing a model concept of the actual conditions. The 
course of the N e r n s t diffusion boundary layer i , however, is described 
by eq. 29 and on principle follows the hydrodynamic boundary layer of Prandtl. 
Thus the problem is reduced to a steady state situation independent of time. 
Molecules reduced at the cathode are constantly replaced by others supplied from 
the solvent. 
The following assumptions are made: 
Diffusion across the membrane takes place only directly above the cathode. 
The membrane is very thin, lines of equal concentration are parallel to the 
plane cathode surface. 
The diffusion velocity is small compared with the solvent velocity 
Membrane-cathode interface concentration is zero 
Constant temperature 
With reference to fig. 11 the oxygen-containing solvent is characterized by: 
bulk concentration с 
о 
constant velocity ν 
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oxygen diffusion coefficient D 
oxygen solubility coefficient ot 
The streamlines are parallel to an oxygen-permeable membrane which is charac­
terized by: 
oxygen diffusion coefficient D 
σ
 m 
oxygen solubility coefficient <χ _ 
thickness ω 
According to these considerations eq. 23 may be rewritten denoting the formerly 
mentioned external layer χ by the mean diffusion boundary layer I [eq. 3θ] . 
This is a model concept, however, but it approximates the actual conditions in 
a simple way [compare also with eq 24]· 
p 0 2 ^ г r ι 
= *гТ ^ = ^ 7
 k.. Л ^ т / ц ^
 [31] 
ΑΡ,„ A P „ A P A P \ D 
m о m о \ о 
ν
 BULK OXYGEN PARTIAL PRESSURE 
"τ DIFFUSION RESISTANCES OF MEMBRANE + SOLVENT 
Eq. 31 recalls the concept of the double layer membrane diffusion system in 
terms of the diffusion resistance of the membrane and the velocity dependent boun­
dary layer. К is assumed that both serial resistances have the same effective 
diffusion area A. 
In fig. 12 the diffusion boundary layer ε is plotted for the solvents water 
and blood against the solvent velocity ν [ K r e u z e r and S c h u l e r , 1965; S c h u ­
l e r and K r e u z e r , in preparation] . A table of the units used is given in the 
section on the experimental studies. 
Using an electrolytic solvent equilibrated with oxygen would make possible 
direct measurement of ε with bare electrodes, which might give an idea of the 
agreement with the theory here outlined. Because of the contamination of the 
cathode mentioned in the first section this measurement could not be performed 
properly. 
To illustrate the flow dependency of an oxygen measuring electrode eq. 31 
was worked out as a function of the solvent velocity for blood and water. In air 
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tW 
Oxygen diffusion boundary layer 
ε of a solid electrode covered 
with a thin Teflon membrane. 
Graph illustrates the course of 
eq. 30 for different cathode dia­
meters. Differences of Γ with 
velocity become less significant 
with smaller cathode diameters. 
ίο" io 1 
the cell current is practically independent of flow, because the diffusion velocity 
in gas is very much faster than that in water or blood [e.g. in water the diffusion 
coefficient is some 10 000 times smaller than in a i r ] . Therefore eq. 21 provi­
des the upper limiting current [i ] for a given pO, as obtained with an electrode 
in a liquid solvent at high velocities. 
It might be mentioned that M o c h i z u k i et al. [l962] used the flow depen­
dency of a bare electrode [u = θ] for measuring the flow velocity. 
2.1. F o r m F a c t o r k^ of t h e D i f f u s i o n B o u n d a r y L a y e r 
In most actual electrode constructions the diffusion area is not restricted 
to the cathode area as assumed in fig. 11. Furthermore the magnitude of the 
hydrodynamic boundary layer is not only a function of the position of the electrode 
to the direction of flow, but also of the shape of the whole electrode tip. There­
fore the diffusion resistance of either membrane or boundary layer assumed to the 
same diffusion area as the cathode area is an approximation only. Due to the 
uncertainty concerning the real diffusion area the cathode area is used and the 
error resulting therefrom is corrected with a form factor including the influence 
of the actually greater diffusion resistance. This form factor k^ has to be deter-
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5 0 Ί >0 (Cathod· Diamfftar 1 0 0 ^ ) 
1 1 ι ι Ι Ι I I ι ' 
Q0O1 0.01 СЮ 1.0 10.0 50 
ν (cm /««e) 
Fig. 13 Flow dependency of a solid electrode covered with а 6 micron Teflon 
membrane according to eq. 31. Due to the high diffusion velocity in 
gas the cell current in air, i 0 , is independent of flow. In water or 
blood the flow dependency increases with larger cathode area. The 
gas phase current i 0 is obtained with a 100 micron cathode diameter. 
The symbol ΣΙ indicates how many electrodes of the respective dia­
meter would provide the same ÌQ. Electrode constructions showing a 
low characteristic [ie vs. v] are not desirable for the present appli-
cation. Measurements with a 100 micron cathode are presented in the 
experimental section. 
mined experimentally for each electrode construction. It increases when the hydro-
dynamic boundary layer is formed ahead of the active membrane-cathode surface 
at distances s = -y, resulting in increased diffusion resistance of the boundary 
layer. Hence the partial pressure sensed by the cathode is smaller than that 
expressed by eq. 31 and consequently the reading does not represent the bulk 
pO„. The following consideration may provide an approximate definition of the 
form factor к £ . 
In order to simplify the problem the cathode area is assumed to be rectan-
gular A = b d; the solvent diffusion resistance R i s given by 
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R = E/P A = constant/ сГ 
R
 =
 X,G< d G = constant 2 V T ^ 
* = Γ ^ - шшгі
 2[V^ -τ/Π 
s 
R = constant/ [ys+d1 - YF] 
Then the form factor of the increased diffusion resistance is: 
constant 
;-нГ - V 
R constant 
The following values may be of interest: 
s/d 0 0.5 1 2 3 4 
k E 1 1.93 2.41 3.14 3.73 4.23 
Since к g ts empirically determined for every electrode construction it supposedly 
includes all other hydrodynamic effects beyond the simple case of the boundary 
layer described previously. 
2.2. F o r m F a c t o r к of t h e M e m b r a n e 
m 
Fitting the membrane holder ring upon the anode cap [fig. 2l] stretches the 
membrane which may influence its diffusion properties. Particularly the permea­
bility coefficient Ρ tends to be lower. Stretching effects and the often significant 
deviations of the membrane thickness from the nominal value are comprised in 
one membrane form factor к which again has to be determined by experiments 
according to the procedure described in the experimental section. 
With the previously mentioned theoretical considerations and with the restric­
tive conditions the general equation of an oxygen measuring membrane-covered 
Polarographie cell in a streaming solvent may be approximated by the following 
equation: 
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PO, 
"m Х Т ^
 + к
е Α Ρ 
m о 
Неге the following terms occur: 
constant of the current equation IC, according to eq. 20 
pO, oxygen partial pressure 
k the membrane form factor 
m 
diffusion area A of membrane and boundary layer 
permeability coefficient of the [Teflon] membrane Ρ accord, to fig. 10 
permeability coefficient of the solvent Ρ accord, to Π. 2.2. and Π. 3 
mean diffusion boundary layer extension ε according to eq. 30 
form factor k £ of the boundary layer according to eq. 32 
3. PRACTICAL CONCLUSIONS 
This mathematical treatment provides directions for the construction of an 
oxygen-measuring electrode meeting the requirements mentioned previously. Some 
important aspects may be recalled. The electrode current [i proportional to pO,] 
should follow sudden changes of the solvent pO, without significant time lag. For 
a given constant pO, it should be insensitive to either variations of flow or 
various kinds of solvents. Due to the high diffusion velocity in the gas phase the 
cell current is practically unaffected by the solvent velocity [fig. 13] and its 
mathematical definition is then given by eq. 21 with i = i for the gas phase: 
*о = «Τ
 A
 % Ρ 0 2 
This cell current in the gas phase is identical with the highest possible current 
for a given partial pressure, all other conditions being constant. Rearranging 
eq. 33 with the expression above gives: 
'e =
 l
o [ i -
lL t
 E 
О О 
k w ι k t ^ 
m Α Ρ '
 l c t A* T> 
m o o 
kf R 
k R + kP R 
m m ь о 
[34] 
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Hence the requirements can be met in two ways: 
l l Choice of an extremely high membrane diffusion resistance [either Ρ very J L
 m 
small and/or w very large] 
2] Diminution of the cathode diameter [in £ , see eq. 30] 
Since the first way is unfavorable for the response time [see next section] the 
diminution of the cathode area is the only possibility to realize electrode charac­
teristics favorable for dependency on flow and nature of solvent. Fig. 13 shows 
that the smaller the cathode diameter the closer is the current-velocity curve to 
the gas value and hence a smaller minimum solvent velocity is needed to reach 
the gas current i . Differences of the diffusion boundary layer E with velocity 
become less significant with smaller cathode diameters as shown in fig. 12. 
Finally fig. 14 demonstrates the decrease of the solvent dependency with small 
cathode diameters. As found in the next section the response time is not affected 
by reducing the diameter of the cathode [eq. 38] . 
The reduction of the cathode diameter is limited however. Major limitations 
arise in connection with the requirements of recording. At this point only the 
important aspect of the electrode sensitivity determining the choice of amplifier 
is briefly reviewed, leaving the problem of manufacturing microelectrodes for 
later discussion. Any reduction of the cathode diameter involves a decrease of 
the available cell current which must be met by an improved amplification system. 
The sensitivity <= is defined by the maximum cell current available from the 
respective partial pressure and is for an actual electrode [lOO μ cathode diameter; 
Teflon membrane 6 μ; 25 с ] 
<з = i /pO, = 0.29 10" 9 amps/mm Hg 
e л 
Furthermore the necessity of a stable electrode bias makes a high terminal resis­
tance unsuited. Therefore expensive drift-free direct current amplifiers will be 
needed. 
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Fig. 14 Illustration of the solvent dependency of an Op-measuring electrode 
covered with a thin Teflon membrane. The velocity is chosen in the 
low range. At higher velocities the curves shift upwards. 
RESPONSE TIME 
The oxygen electrode cell current does not immediately follow a sudden 
change of solvent pO«. The time lag between the beginning of a change and the 
new final reading is called response time. Convenient definitions of the response 
time are given below. For want of known boundary conditions the mathematical 
response time equation of the membrane-covered electrode cannot be derived 
directly. However a simplified calculation with the second law of Fick [eq. 5] 
provides an approximate but useful result for the idealized case of a bare elec­
trode in a convection-free solvent. With zero concentration at t = 0 and a sudden 
pressure change [concentration с > 0 at t > θ] we get with eq. 5 
¿ c 
¿ t D 
λ
2 6 с 
όχ 
and with eq. 18 nF AD г Ò с η 
'e
 =
 Ï24öö LTX-I 
- 54 
The derivation in appendix 1 leads to the following expression for the time-
dependent electrode current 
oo 
i = constant с [ l + 2 ^ [ - l ] n [exp - (niT/b)2 Dt]] 
¡L = 1/2 - e1*
 + e'
4
 ** 
о 
for t—«-CD follows Tjj— = 1/2 of which 95 % are: 
о 
0.05 (1/2) = e " t / ' r 
3.7T 
Fig. 15 Diagram for the calculation of 
the response time of a bare 
electrode with simplified boun­
dary conditions. 
Additional information is given by F r a n k and von M i s e s [l961J or M a n c y 
et al. [1962] . 
The response time is derived from the time dependent term . . . exp [-t /f] 
Equating b with W and D with D the terms are 
m 
2 1 for the membrane: t , ^ = 3.7 4
m
 = 3.7 [ « . ] ^ [35] 
The response time of the diffusion boundary layer of the solvent may be approxi­
mated by: 
[36] *95% ° constant [d/v] 
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From this the particular contribution of the membrane and the boundary 
layer to the overall response time cannot be seen. The consideration of an ana­
logue electrode model [the electric equivalent of chapter 5 below] makes possible 
a simplified representation [fig. 1б] . At higher velocities the membrane mainly 
determines the time delay. In the range of lower velocities the influence of the 
solvent becomes important but is strongly reduced by using very small cathode 
diameters. 
The electrode current reaches the new deflection in an exponential function. 
The point of 95% deflection is chosen for practical reasons. 
MS-
(LAU-
аз!' 
030' 
0 3 $ ' 
» 20 » «5 
Fig. 16 Theoretical response time of the Polarographie oxygen electrode in blood 
and water determined according to the electrode equivalent circuit of 
section 5. The flow dependency of the response time is noticeable 
especially with lower velocities but antagonized by reducing the cathode 
diameter. Furthermore the response time is shown to be temperature-
dependent, being shorter at higher solvent temperatures. The 95% 
response time is the time between zero and 95% deflection. 
According to eq. 9 and eq. 35 the response time is temperature-dependent. 
For a membrane we find 
• . « - " Н И
2
 В " =
3
-
7
Н Г ] 2 ér- exp [E/RT] [37] 
m m 
At higher temperature the response time becomes shorter [see fig. 28 ] . 
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As mentioned previously no data for solubility and diffusion coefficients are 
available for Teflon membranes. Eq. 32 gives an approximate method to deter­
mine these values. The measurements, however, have to be carried out in the 
gas phase at constant temperature. Since the diffusion through the membrane is 
the only factor contributing to the time delay we have: 
D - 3 7 Г-У-1 2 1 ос ^ Г ^ І 2 P m * 9 5 % 
D
m -
 3
·
7
 l~J t ^ "m "ι.—J О -
Using Ρ of fig. 10 and tg 5 of fig. 28 of a 6 micron Teflon membrane the follo­
wing values are found: 
250C 370C 
ml 0„, cm _„ -
Ρ Γ *-£ 1 ~ 1 . 1 10 ' - 1 . 4 10 ' 
cm sec 760 mmHg m 
»95% [ s e c ] ~ 0 · 3 3 ~ 0 · 2 7 
D [cm 2 /sec] ~ 4 . 6 10"7 ~ 5 . 6 10"7 
m 
r
 ml 02
 1 
L З " ^ Z~* ~0.239 ~0.25 
cm 760 mmHg 
5. EQUIVALENT dRCUIT OF ELECTRODE 
The behavior of the oxygen-measuring electrode suggests representing the 
diffusion process of the solvent boundary layer and membrane by an electric 
equivalent circuit; the equivalent circuit imitates a physical process by an ana­
logue electric circuit assuming identical differential equations for both physical 
and electrical processes. Theoretically an analogue circuit should be composed 
of an infinite number of RC-sections but for practical purposes a few elements 
will be sufficient [ K ü p f m ü l l e r , 1951; N i e s e i and T h e w s , 1959]. In this 
case the results have to be considered as an approximation circumventing tedious 
and often impossible accurate numerical solutions. For this reason complex 
diffusion processes are frequently treated by analogue computing machines. 
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For this the first law of Fick is compared with the equation of the current 
density ] [ K i i p f m i i l l e r , 1962] where 'ЭЕ is the conductivity and U the voltage: 
J = m i x 1 *-£ 
Taking only one RC section per diffusion chamber, i. e. solvent diffusion layer 
and membrane, the equivalent circuit of the Polarographie oxygen measuring cell 
is as in fig. 17. 
6 
¡ 
1 
1 
к I 
ι 
I 
I 
| 
1 
1 
" ( M " o * 
= Co 
Diffvuion Loyn-
»тл 
1-4 1-^ 
1—1 
•w. 
= c
m
 1. 
МппЬгав· 
Cathodt 
ΡΟ,.0 
Fig. 17 Equivalent circuit of the Polarographie membrane covered 02-measuring 
cell. The two diffusion chambers, solvent diffusion boundary layer and 
membrane, are represented each by one RC-section. Outside the boun­
dary layer the well stirred solvent provides a constant рОз. At the 
cathode surface the oxygen pressure is kept zero by the applied oxygen 
reduction voltage. 
R represents the diffusion resistance of the first law of Fick 
С represents the accumulation-capacity of the medium for the diffusing 
substances. 
К is seen that the steady state current is determined by the resistances of 
membrane and boundary layer as stated by eq. 24 or 31. Moreover transients 
[e.g. response time] are a function of resistance and capacitance and are prefer­
ably investigated by the equivalent circuit. 
The diffusion resistances defined above can now be compared with the elec­
tric equivalent, bi this way and using the definition of the response time for a 
single section conclusions may be drawn concerning the magnitude of the respec­
tive capacitance. The oxygen pressure [ κ _ pO,] is seen to be equivalent to the 
battery voltage U. The form factors k and kc are omitted here. 
m с 
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Gas phase measurements are readily explained with the electrode equivalent 
circuit, the diffusion boundary layer being negligible because of the high diffusion 
velocity. Measurements with the same system in liquid solvents have to include 
the influence of the boundary layer. Its resistance R is determined by the kind 
of solvent, its velocity and temperature and the cathode area. Variations of the 
electrode curre 
given in eq. 34. 
l  nt are directly related to relative variations of R and R as 
о m 
i 
-4- = ι -
1 
о 
in о 
The right hand term expresses both flow and solvent dependency. The influence 
of the solvent [R 1 is minimized by reducing the cathode diameter without increa­
sing the response time. In the membrane alone an increase of resistance is 
counteracted by a concomitant decrease of its capacitance [fig. 18] so that the 
response time is not changed [ K r e u z e r and S c h u i e r , 1965; S c h u l e r and 
K r e u z e r , in preparation ] . 
R С 
l 9 5 T T " г
4 3
-
7
т 
1-5 lf2"J *m"
A
=
3
-
7 Hr] 2 ТГ 
m 
[38] 
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According to this formula D should be large and oL very small. 
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Fig. 18 Membrane resistance and 
capacitance as a function 
of the cathode diameter. 
300 500 
There is no direct way to uncover the events inside the two diffusion cham­
bers when a sudden pO, change is applied to the electrode. With the equivalent 
circuit an analogue situation is realized by switching on a voltage and computing 
the current response at the cathode [appendix 2] as shown in fig. 19. It answers 
the question as to the conditions for a short overall response time, assuming a 
sufficiently short membrane response time. Using relative resistance or capa­
citance units and defining 
R /R 
m о 
С /С 
m о 
for w = ζ ^10 the total response time is almost entirely determined by the 
membrane. In water with low velocities this occurs only with cathode diameters 
below 16 μ. In blood even smaller diameters are necessary. 
60 -
Fig. 19 Theoretical electrode response 
time derived from the step 
function response of the equi­
valent circuit. In slowly stream­
ing oxygen saturated water tgs 
is almost entirely determined 
by the membrane for w = ζ > 10, 
i. e. for a cathode diameter 
d < 16 microns. 
6. OXYGEN CONSUMPTION 
The following discussion may give an idea of what quantity of oxygen is con­
sumed by the electrode giving r ise to a current of 1 μ amp. The complete reduc­
tion of one mol О« = 32 g requires nF coulombs [with η = 4 ] : 
1 mol 0„ 
-6 1 mol/4 96500 = 2.6 1 0 " u · 32 g O2 
83.2 I O " 1 2 g 0 9 / s e c 
_9 ¿ 
4.99 10 g 0 2 / m i n 
4 · 96500 amp sec 
1 amp sec 
1 μ amp 
1 μ amp 
With a solvent in a closed system the oxygen consumption of the electrode 
results in a decrease of the measured current with time. The available molecules 
are used up and not replaced; consequently partial pressure and cell current fall. 
According to T ö d t [l958] and M a n c y et al. [l962] the t ime dependent cell 
current can be represented by 
i r-.-i = i exp -kt 
e t о 
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к is derived in the following way. With Q* = Vc* and the negative sign for a 
current decrease 
ι = _ nF ; t = nF ν . , : when differentiating i = nF A —-— for t 
О t О t VJ 
a comparison of these two equations gives ι = -V -тіг— -y-r- , or 
m 
A D 
ι r.n = 1 exp - -y;—2- t 
e|_tj о r V w 
The loss in oxygen pressure is estimated as follows. Within one minute 4. 99 
.9 
10 g О. are transformed to 1 μ amp. For an arbitrary solubility coefficient 
oc. = 0.1 [ml 0,/cm 760 mm Hg] a quantity of 143 10" 6 [g 0,/cm 760 mmHg] 
is dissolved in 1 cm of solution or -гаг 10" = 0.188 10" g О« at a pressure 
of 1 mm Hg. In 1 mm a portion of 4.99 10 g 0 9 is reduced by 1 μ amp. 
-6 3 
Since a quantity of 0.188 10" g Or, in 1 cm solution equals a pressure of 1mm 
-9 4 99 -3 
Hg, the reduction of 4. 99 10 g О, results in a pressure loss of *' jg» 10 
= 26.6 10" mm Hg/min. Hence the oxygen pressure loss is given [ G l e i c h -
m a n n and L u b b e r s , I960] by 
Лр
о ["»"*] -_ 2 · 6 6 1 0 ' 3 U P » * ] 
2 m i n
 «. [ml 0 2 / c m 3 760 mmHg] V [cm3] 
Example: i
e
 = 28 10"9 [amp] ; «. = 2.83 10"2 [ml 0 2 / c m 3 760 mm Hg] ; 
V = 1 [ c m 3 ] 
Δ P 0 2 [ J H E 3 L ] = 2 · 6 6 1 ( Γ 5 2 8 1 0 ' 3 - 2.63 IO" 3 2 1 m i n J
 2.83 IO" 2 1 
7. COMPENSATION OF TEMPERATURE DEPENDENCY 
The Polarographie oxygen current of a membrane-covered solid electrode 
depends on the temperature. For instance, the cell current in air is according 
to eq. 14, 20 and 21 given by 
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nF Α Ρ1 
'e = 524Ò0 w?60 P02 Ψ e x p - E p / R T N 
Within a certain temperature range a compensation is possible using a NTC 
resistor [ C a r r i t t and K a n w i s h e r , 1959; N e v i l l e , 1962; R a y m e n t , 1962; 
B r i g g s and V i n e y , 1964] . The behavior of Negative Temperature .Coefficient 
resistor is described by 
Kj, = R0D [exp B/T] T c [40] 
wherein с is a small positive or negative number [Philips NTC Manual] . 
With the cell current flowing through the NTC resistor the voltage developed 
is [eqs. 39 and 4θ] 
VNTC = le ^Г = c o n s t M t P 0 2 [ e x P ψ ( B " E p / R ) J T 
c-1 
In case of В = E /R the temperature dependency is almost fully compensated. 
For a Teflon covered solid electrode it is [ E from fig. io] 
-3 
в
 = til10 = 2070 [ d e g r e e s ] 
which has been experimentally verified with actual electrodes. 
8. DETERMINATION OF REQUIRED MINIMUM VELOCITY OF MEASURING 
SYSTEM 
As may be seen from fig. 13 there is a lower limit of solvent velocity for 
a given 02-electrode below which the deviations due to flow dependency become 
prohibitive. The experimenter has to estimate the permissible percentage of 
deviation of current or pO, from the actual value ι and to calculate the required 
minimum solvent velocity. At higher velocities the indicated pO- remains within 
the range of the chosen permissible error. 
When 
l
o - 'e •
 Δ 1 -
 hSr] 'o 
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and substituting into eq. 33 with ν = ν in ε we get 
I Wl 
.
 k x f г 100-P ι 2
 Γ
_ π 1/3 d 
k
e srF-J L—p—J [scJ T3- [41] 
Ρ [%J Percentage deviation of ι from ι 
к , к Form factors for an actually used electrode as described previously 
Eq. 41 is represented m the nomogram of fig. 20 for various parameters 
of a Teflon-covered electrode in blood or water. 
If the minimum solvent velocity is given the reverse procedure is followed 
in order to establish the parameters which must be used to keep the reading 
within the indicated range of error. 
It should be noted that the necessary ν is reduced to one fourth by 
min J 
doubling the membrane thickness. 
P(%) 
Water 
г5· 
" ( λ 1 ) d ( M ) »τηιη(θ"Α·ε) 
Teflon Membrane Cathode diameter Solvent 
ι- 0 1 
-гоо 
roo 
• 50 
го 
10 
- 5 
- 2 
- 1 
0 2 
h 0 5 
1 
2 
h 5 
10 
20 
- 50 
-100 
-200 
Fig. 20 Nomogram of the required minimum solvent velocity of the system for 
a Teflon-covered Polarographie oxygen electrode in blood and water. 
Example: Connect with straight lines: 
l] Admissible error Ρ oí pO, reading [e.g. 5%] in water 250C 
Cathode diameter [e.g. 5 μ] 
2] Resulting intersection with the auxiliary ladder 
Memorane thickness [e.g. 6 μ] 
Then the minimum solvent velocity is approx. 3. 5 cm/sec 
[on last ladder] . 
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Г . E X P E R I M E N T A L S T U D I E S 
1. COMPLETE p 0 2 MEASURING SYSTEM 
As mentioned in the introductory chapter K r e u z e r and his coworkers 
developed the first catheter pO, electrode [1958, 1960 a and b] for continuous 
in vivo recording of pO, in the circulation and in respiratory air. These elec­
trodes were used in our laboratory, particularly for studies m the dog [ K r e u ­
z e r , 1961; E g l i , 1965; Honda and K r e u z e r , 1966] . The problems concer­
ning flow dependency, response time and stability of design and performance 
called for a theoretical analysis as presented above as well as for further refine­
ment of construction and for an experimental evaluation of performance. Further­
more electrodes of appropriate characteristics were built m order to test the 
computed relationships experimentally [see below] . 
First a refined modification of the original device was constructed, 
providing broad Polarographie plateaux and straight calibration curves 
passing through zero [e.g. fig. З] . Such electrodes were used in a number of 
studies during the past few years [Kr euz e r and B e n e k e n K o l m e r , 1965; 
unpublished work by S t e e k h o v e n and K r e u z e r ; F u k u m a , Honda and 
K r e u z e r ; R o h m e r ; B e r n a r d s ; K e r n o h a n , K r e u z e r , R o s s i and 
R o u g h t o n ] . The use of resin was a major disadvantage because of interaction 
with the electrolyte and insufficient insulation of the electrode leads resulting in 
frequent current leaks and short circuits. Glass insulation was used instead in 
a further version [fig. 2l] to be described in detail now. The complete measur­
ing system is composed of 
Membrane covered Polarographie solid electrode 
Catheter 
Amplifier 
Recorder 
The cross-section of the electrode is shown in fig. 21. For measurements with 
different cathode diameters four different types of identical external size were 
made. The internal part consisting of a glass coated noble metal [pt or Au] 
varies in size according to required cathode diameters of 100, 300, 500, 700 
[microns] . 
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The thickness of the glass coat is always less than 100 μ, lts front edge 
is slanted. With the anode tightly screwed on, the plane cathode surface and 
the well-stretched membrane protrude a few microns. 
1.2 
« 
Τ 
^fWMm77mz&. 
3 50 
0,3 
15 , . 15 
— 1 h 0,25 
Fig. 21 Cross-section of a cylindrical Polarographie oxygen electrode. The 
anode [Ag/AgCl] carries the membrane and forms the electrolytic 
reservoir. For refilling it can be removed. The membrane is stretched 
and fixed on the anode cap with a ring. On the left cathode and anode 
are soldered to a coaxial cable. Cable and electrode rear are leak-
proof and protected by a flexible catheter. The well polished Au-cathode 
area is tightly adjacent to the membrane of the screwed-on anode. For 
measurements with various cathode diameters, the internal section 
consisting of a glass-coated cathode wire was manufactured in different 
sizes [100 μ; 300 μ; 500 μ; 700 μ]. Excellent insulation between 
cathode and anode along the electrode is of crucial importance in order 
to prevent leaks. The length of the cylinder is 7 mm, its total diameter 
2 mm. 
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Even when using glass coats the insulation between cathode and anode was 
found to be the main problem of this construction. Surface leakage and capillary 
channels between front and rear of the electrode could often be detected only 
after several days of use, resulting in instability of reading and sudden internal 
short circuit. 
At the suggestion of Prof. Dr. Walter Schneider [Dept. of Inorganic Chemi­
stry, ΕΤΗ, Zurich! a phosphate buffer [н.РОТ/НРО."] was chosen. Adding 
sodium hydroxide to bring the pH up to 9 the electrode stability was found to 
improve although the system operated outside of its buffer range in this manner. 
The electrolyte is composed of 
0.1 M NaCl 
ι M K H 2 P O 4 
add NaOH to pH ~ 9 
With the membrane well stretched upon the anode cap by means of the membrane 
holder ring [ on top of fig. 21 ] the sterilized buffer is filled in. The anode is 
tightly screwed on the electrode. After applying the necessary voltage bias the 
electrode is ready for use whithin 3 to 30 minutes [this time also depends on 
the amount of oxygen and impurities dissolved in the electrolyte, and on the 
initial chemical processes on the cathode and on its surface quality] . 
This sensing unit is mounted [at left in fig. 2l] on a flexible Teflon catheter 
with 2 mm external and 1.4 mm internal diameter [AWG 16] . The coaxial cable 
is soldered to the respective electrode connections [at left] and consists of 
Core: 7 χ 0.1 mm silvered copper [AWG 30] 
Insulation: Teflon, thickness 0.25 mm 
Screen: 0.1 mm silvered copper 
Produced by: N. V. Pope's Draad-en Lampenfabrieken, Venlo, 
The Netherlands. 
Before putting the catheter over the external electrode cylinder [at left] 
their surfaces of contact are coated with liquid Teflon [Fluor-Ethylene-Propylene, 
e.g. Du Pont FEP lOO] . The temperature treatment for bonding the assembled 
system is discussed by H o m s y [l963] and reviewed in Du Pont Information Bulle-
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tin. It is performed as follows: 
a] Dip electrode rear in liquid Teflon FEP and let dry, 
b] Warm at 370oC for 5 minutes, 
c] Dip again in FEP and put on the TFE catheter, 
d] A copper cylinder is pushed over the assembled parts for a close fit, 
e] Warm at 370oC for 5 minutes. 
For amplification of the cell current any stable DC amplifier will be ade­
quate to follow the shortest electrode responses [~ 0.1 sec] without distortion. 
Attention should be paid to ensuring a constant electrode bias which implies a 
low-ohmic termination [in our case approximately 5 Κ.Ω was u s e d ] . The latter 
together with the amplification of the low cell currents necessitates a chopper 
stabilized feedback amplifier. Fig. 22 shows a possible arrangement of the 
oxygen measuring system. 
p O c MONITOR 
« І П - . 0 
Τ*0 
KNICK Jv 
Trantittor 
Chopper 
Amplifier 
j = ^ 
»! Вю· c o t h o d * ( - 0 0 0 mV ) R5 f.d m i t e r [ r o n g e 3 0 ) 
Rj f.d meter (range too) ond 2 7 0 μ Amp recorder ond 270μ Amp recorder 
R3 Bia» reading meter ( r a n g e 100) f.d. • I V f S , p u t h e d ) R 6 Input eensitiviby 
»4 f.d.35/4 Amp recorder ( r a n g e 3 0 ) R^ Amplifier g o m 
Fig. 22 Oxygen measuring system, composed of electrode, catheter and stable 
amplifier. The filtered amplifier output is fed to recorder and galvano­
meter. This system, easily to be served, was specially devised for 
routine measurements in clinics. 
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Any recorder with sufficiently short response time can be used. Input and output 
properties of recorder and amplifier must be matched carefully. In this study 
a Honeywell Visicorder, Model 1706, was used. 
2. CALCULATION AND MEASUREMENT OF FLOW CURVES 
Numerous flow measurements with the same electrode of known dimensions 
were used to arrive at a curve of mean values by plotting all current readings 
at their respective velocities. The velocity could be measured quite accurately 
with a calibrated "Rotameter" flow meter. Graphs for water [250C and 370C ] 
and whole blood [37 0c] are shown in fig. 23, 24 and 25. 
Eq. 34 was used together with I from eq. 30 to compute the correspond­
ing theoretical curve. Some properties of the Teflon-covered electrode and of 
the solvent were previously discussed and are summarized in the following table. 
Table 4 Physical Parameters 
Dry Air: 
25° 
Water: 
25° 
37° 
Viscosity 
μ 
[centi 
Poise] 
0.0182 
0.89 
0.71 
Blood (hematocrit «- 44) 
37° - 2 . 7 
Density 
5 
1.185 10" 
0.997 
0.993 
: 
1.051 
Kinematic 
Viscosity 
μ* 
[centi 
Stokes] 
•
3
 15.4 
0.89 
0.72 
- 2 . 5 7 
Diffusion 
Coefficient 
D 
0.207 
2.5 10" 5 
3.2 10" 5 
1.68 10" 5 
Schmidt 
Sc 
0.712 
381 
219 
1530 
Number 
0.944 
2.692 
2.455 
3.39 
With the exception of D , data for air and water were obtained from Kohl -
r a u s c h [l962] and Handbook of Chemistry and Physics [l963] , for blood from 
Documenta Geigy [i960] . The value of μ for blood is an average since the 
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viscosity of blood depends also on hematocrit, velocity and diameter of the tube. 
In all experiments in streaming media we found that measurements with 
6 μ membranes deviate more from the calculated values than those with 12 μ 
membranes [e.g. fig. 25]. This might be explained by more pronounced alterations 
of the thinner membrane in the process of stretching it over the anode cap. 
Since practically none of the values used in this calculation is exactly known 
these curves show a certain range of uncertainty. In order to determine this 
range the error of the elements in eq. 33 has to be evaluated. The calculation 
of the mean error of a function of normally distributed observations is carried 
out by applying the Gaussian error adjustment law [ G r o s s m a n n , 196l] . Sum­
ming up the relative errors leads to a possible deviation of approximately t 10% 
from the calculated curve. Measurements falling within this area are considered 
sufficiently accurate. 
The measurements are best evaluated by rearranging eq. 33 to the follo­
wing form 
k d l / 2 ,1/6 
τ ζ о о 
The calculated curves m fig. 26 are drawn as solid lines, the measured curves 
as dashed lines. Even minor deviations from the accurate value of the cathode 
diameter or of the diffusion area, resp., are of crucial importance in eq. 42. 
The previously described electrode form factors к and к £ have to be 
determined experimentally. В is readily seen that the shape of the calculated 
curve is changed when R and/or R are multiplied by an arbitrary constant. 
By adjusting calculated and measured curves to show the best agreement for 
various measurements in different solvents at different temperatures we may 
assume the form factors to be determined. In fig. 26 the section on the 
ordinate between the measured and the uncorrected curve for water at 25° С is 
equivalent to к , and k£ is determined by the angle between the two lines. 
The following values were found for blood and wdter at 25 0C and 370C: 
25° С 
37° С 
k f 
k
m 
к 
~ 
*s 
1 
0.9 
1 
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ι„(πΑ) 
50 η 
lo дств phase c u r r e n t ) 
3 0 -
HjO 25°C 
d.lOOM 
Teflon. 6 4>¿ 
pOj >150mmHg 
m«a9 ured 
calculated 
10 20 30 4 0 
ν (cm / e e c Ì 
Fig. 23 
i , (nA) 
50-1 lo (две phase current) 
•40-
30 
H2O з г ' с 
d . l O O ^ 
Teflon. 6 4 μ. 
рОг-ІЗОлітНд 
meaeured 
——^— calculated 
30 40 
ν tem / t e c ) 
Fig. 24 
Figrs. 23 and 24 Polarographic рОз measurement in vitro with a solid 
electrode [gold cathode with 100 μ diameter] according 
to the construction details of fig. 21. At lower velocities, 
i .e. where the diffusion velocity is of the same order of 
magnitude as the solvent velocity, the curves show a 
characteristic knee. For zero velocity the electrode 
current is time dependent. At higher velocities the 
curves reach the gab value asymptotically. 
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Ί to<go· phoM сигт#п* ) IWfton membrane 6/A 
/ BLOOD 37*C 
/ Teflon mtmbren* 
/ d.lOOM 
/ р О
г
. 1 5 0 т т Н д 
l 0 (gat phaM currvnt ) Teflon membrana ΙΪΛ* 
' tn»aeur«(l 
ca lculated 
Fig. 25 рОг measurement in blood in vitro. For the 12 μ membrane the 
calculated and measured values are nearly identical and follow the 
dashed line. It is interesting to note that for approximately 30 cm/sec 
the gas phase current is almost reached, whereas for the 6 μ 
membrane there is still an error of about 15 o/o which is verified 
in the nomogram of fig. 20. 
This procedure suggests a simple means to approximate the value of an 
unknown diffusion coefficient of oxygen in a streaming fluid, e.g. in blood. An 
arbitrary value of the diffusion coefficient would be used in eq. 42. e.g. D = 
10" , and combined with a multiplicative factor к . The diffusion coefficient is 
then given by 
D* 
о 
к D 
о о 
The electrode form factors have to be measured first in a solvent of known parame­
ters. The constant к of the unknown diffusion coefficient of another solvent may be 
determined by analyzing a graph [similar to fig. 26] with the measured and compu­
ted values of eq. 42 [considering the respective viscosity and solubility J , thus 
[l/ig] = constantj +—273- constant, [ л / ] 
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Vi. 
vTTv 
Fig. 26 Calculation and measurement of the electrode current of а рОз -
sensing electrode in blood and water at different velocities illustrating 
the determination of the particular electrode form factors k
m
 and к ς . 
For water [250C] the vertical section between the parallel lines of both 
uncorrected and measured curves is represented by k
m
 [here approx. 
0.9] , any tilt would be ruled by k t [ see eq. 42] . In all experiments 
with the electrode of fig. 21 k t was approx. 1, probably due to the 
cathode area protruding from the anode being itself the origin of a 
boundary layer. 
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3. MEASUREMENTS OF TEMPERATURE DEPENDENCY 
The temperature dependency of elements for the Polarographie measurement 
of oxygen has been discussed earlier. Tables and graphs were constructed to 
facilitate calculations of curves, also for experimental check. Various experiments 
were performed to obtain the temperature dependency of current and response 
time [fig. 27 and 28] . 
3.1. T e m p e r a t u r e D e p e n d e n c y in D r y A i r of C o n s t a n t p O , 
These experiments were conducted with dry tank oxygen of known concentra­
tion which was led to the electrode through a long copper helix in a tempera­
ture-controlled bath. The temperature was checked with accurate and sensitive 
thermometers placed into the measuring end of the helix. The results are shown 
in fig. 27, where the current readings and their corresponding values of pO in 
о 
mmHg are referred to 25 С in order to illustrate the behavior of the electrode 
at different temperatures. 
i.tnA) 1 
temperature (.'О 
Fig. 27 Temperature dependency of Teflon-covered electrode measuring dry 
oxygen of 150 mmHg. The current and its corresponding p02 in mmHg 
are referred to 250C. The hatched area represents the range of various 
measurements. The same measurements in water show identical slopes 
against temperature. 
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For the calculations eq. 39 was used together with Ρ values from fig. 10. 
й follows from fig. 27 that the temperature dependency between 180C and 370C 
in dry air may be considered linear with a slope of 
Δ Ι . . 3 2 m m H e 0 2 
•дЧГ - *•« öc 
3.2. T e m p e r a t u r e D e p e n d e n c y of t h e R e s p o n s e T i m e 
The same circuit as mentioned above was used but extended with a 
second helix for tank N,. At the measuring end a solenoid switch alter-
nated N« and O, with negligible time delay. The results are shown in 
fig. 28. It may be seen that measurements with larger cathodes agree 
with the calculations much better than with smaller ones. Since smaller 
cathodes occupy less open space of the anode cap [which remained identical for 
all measurements] and of the protecting membrane, it is quite possible that part 
of the oxygen first dissolves in superfluous inactive segments of membrane and 
electrolyte chamber before participating in the actual process. Response times 
for the transition from N, to O, and from O, to N- were practically identical. 
Eq. 37 served to calculate the theoretical curves. From the measurements 
with 6μ Teflon it seems possible to determine approximate values for D and 
oC for different temperatures as suggested in chapter Ш. 4. It may be seen 
that the 95 % response time with a 6 μ Teflon membrane at 370C is about 0.27 
sec. 
4. MEASUREMENTS IN AUTOMATION AND CONTROL 
The complete pO, measuring system as described in the first chapter offers 
new possibilities in controlling and stabilizing automatically the O« concentration. 
With the electrode as O, sensor the output of the electrode current amplifier is 
used either as analogue controlling element or as power switch. Various projects 
are investigated and examined now, e.g. sewage O, control; others are reported 
on continuous recording of oxygen pressure in respiratory air of man [ K r e u z e r 
and B e n e k e n Kol m e r ] or on stabilization of O, concentration in closed 
respiratory systems [ S c h ö n h o l z e r et al.]. 
- 75 -
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THaON MEMBRANE 1 2 ^ 
'ЧШШі/:, 
L· 
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*
т
тшт, 
"""WWL'U criaba* diamtter ЗОО/i 
TEFLON MEMBRANE 6/1 
cathod· Atanfirr ÌOQ/t 
45 SO 
t«n ip«ra tun C O 
Response time [tgs] as a function of temperature. The response time 
is proportional to the square of the membrane thickness and is comput-
ed for 6 μ and 12 μ. Attention must be paid to avoid possible detours 
or dead spaces for gaseous oxygen which prolong the response time. 
Experiments with 6 μ membranes agree quite well with the calculation. 
Measurements with 12 μ membranes, however, show the influence of the 
anode cap which remained identical for all experiments. For the 300 μ 
cathode the uncovered lumen of the membrane is much smaller and 
therefore the agreement between computation and experiment is better. 
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V. MICRO E L E C T R O D E S 
The previous chapters have shown how the stirring effect can be prevented 
without increasing the response time. The solution was found in using an extre­
mely small cathode diameter. But this implies a considerable reduction of the 
available cell current. The sensitivity of a micro electrode in gas phase [Teflon 
membrane 6 μ; cathode diameter 1μ; 25 с ] is approximately: 
<э = i
e
/ p 0 2 = 29 · 10"
1 5
 amps/mmHg 
which calls for excellent insulation and amplification technique. 
Using a galvanometer of 22 mA full deflection recording of 760 mmHg О, 
-3 15 q 
requires a current amplification of 22 · 10 /29 ' 1 0 · 760 = 10 . The 
situation becomes more favorable when several micro cathodes are combined in 
one electrode. This leads to the idea of a facette electrode. 
1. FACETTE ELECTRODE 
Attempts at making multi-cathode electrodes were reported previously. These 
studies sought to improve in vivo reproducibility, diffusion conditions or sensiti­
vity. Such systems were published by: 
M o c h i z u k l and B a r t e l s [1955] , bare electrode, 50 μ Pt cathodes 
B u r g e r et al. [1957І , bare electrode, cathodes between 5 μ and 370 μ 
B a r t e l s and R e i n h a r d t [i960] , Polystyrol coated Pt cathodes between 
0.1 and 1 mm 
K u n z e [l963] , bare electrode or Teflon coat, Pt cathodes 10 μ to 20 μ, 
or 50 μ and pulsed bias 
S a i t o and M o c h i z u k l [l965] , Teflon membrane, spattered Pt cathode 
less than 1 μ 
Responses of oxygen electrodes, especially of multiple cathodes, to variables 
in construction, assembly and use were critically reviewed by C a r e y and T e a l 
[1965] . 
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1 Silvtr 
2 Pyrex with 150 golden wirtttfibrea) 
5 Piotine 
4 Coppvr 
5 TeFlon 
b 5ilv«r*d copper ecrevning 
7 Teflon 
d Silvered copper wire (core) 
9 Teflon membrane 
10 Oliver ring 
Fig. 29 Facette micro electrode with cathode diameter of approx. 16 μ. For 
the reasons given in the text the polarogram is not equal to fig. 3 but 
is nearly a straight line. 
The electric field in any region in which a charge is distributed in the 
space is governed, together with boundary conditions, by Poisson's equation. With 
the potential <p , charge density Ç ., dielectric constant e and the radius г its 
general form in cylindrical coordinates is 
¿ Φ 6*1 S./6 
Splitting up the cathode of the electrode of fig. 21 in order to gain the improve­
ment mentioned previously the new construction is analogous to the diagram of 
fig. 29. Without considering space charge and carrier generation effects, the 
electrostatic potential distribution of a facette electrode shows a strong reduction 
of the field strength in close proximity of the individual cathodes. This effect is 
a function of the given arrangement; it depends on the number of cathodes and 
their relative position. 
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Fig. 3 shows ал excellent polarogram of a single micro electrode with a 
flat plateau between 600 mV and 900 mV. Because of the above mentioned 
potential distribution other currents than those predetermined by this polaro­
gram will flow, the combined currents do not sum up to the same polarogram. 
The resulting polarogram is distorted and may even approach a straight line. 
The influence of the potential distribution may be approximated by an 
analogue measurement carried out with a large, but simplified model of a facette 
electrode. The cathodes are points of equal potential, the circular anode is 
grounded. Approximating a resistance network [ H e c h t e l , 1955] the potential 
has to be measured with an extra electrode in close proximity to the cathodes 
in a radial line from centre to anode. Measurements on model electrodes of 
enlarged dimensions may be equalled to real electrodes only if actual physical 
relations are preserved. 
Outside the immediate reach of the anode the potential will be found to drop 
rapidly and the electrode current may be seen to be no longer linearly proportio­
nal to pOp as in fig. 3, which is experimentally verified with actual facette 
electrodes. Therefore we may infer that splitting up of cathodes should be accom-
pamed by surrounding simultaneously every cathode with an individual anode. 
2. CIRCULAR ELECTRODE 
These considerations suggest a circular cathode as well as anode. All 
micro-cathodes of the facette electrode are thought to be combined in a very 
thin ring surrounded by the circular anode. It should be noted that an electrode 
diameter of 1 mm and a circular cathode 1. 5 μ thick sum up to nearly the same 
cathode area as a 100 μ solid electrode. This circular electrode has been investi­
gated with promising results in our laboratory. Certainly its construction with 
the above-mentioned dimensions can be achieved using an evaporation technique 
whereas making solid micro electrodes involves severe difficulties [ S a i t o and 
M o c h i z u k i , 1965] . 
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3. TECHNOLOGY 
In principle three different techniques were investigated, all in accordance 
with the theory but having particular advantages and disadvantages each. One 
was finally abandoned for practical, time-saving reasons although deserving 
serious consideration as soon as new developments in semiconductor technology 
permit it. 
Conventional technique 
G l a s s - c o a t i n g a cathodic wire and inserting it tightly into the basic 
cylinder [with screw-nut] according to fig. 21, or g o l d - p l a t i n g a glass staff 
[using evaporation technique] followed by coating a glass cylinder around and 
inserting it into the basic cylinder. 
Advantage: Well established mechanical engineering 
Disadvantage: Miniaturization limited 
High demand for mechanical skill [e.g. glass coating 
and polishing of the cathode area] 
Slow procedure hardly appropriate for serial production 
Insulation between anode and cathode of crucial impor-
tance 
Planar technique 
The electrode tip as thin slice is prepared according to semiconductor 
planar technique and then contacted to the cathodic wire. For the rest there is 
no difference between this and the conventional electrode construction [fig. 2 l ] . 
The thin slice is composed of Silicon intrinsic material where a photoresist 
is brought upon. The desired cathodic structure is photographed and etched, follo-
wed by Boron diffusion to get holes of low resistance. Finally the remaining 
surface is temperature treated to obtain a SiO,-layer, Nickel is sintered into the 
passages and the previously etched structure is Gold-plated. 
Advantage: Miniaturization practically unlimited [important for flow 
dependency] 
Ideal for serial production 
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Disadvantage: Costly, time-consuming development concerning personnel, 
mask and apparatus, geometry and insulation of tip. 
The last two of these difficulties were prohibitive. Measurements with preliminary 
planar samples were not very promising, and this method was discontinued. 
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VI. SUMMARY 
The rapid recording of oxygen partial pressure in gaseous or liquid media 
makes use of polarography where oxygen molecules are reduced at a solid elec­
trode. The electrons exchanged result in a current which is recorded. The 
current is directly proportional to the oxygen partial pressure [pO,] in the bulk 
of the solvent. A very thin membrane withholds other reducible substances from 
the interior of the measuring cell and protects it from being contaminated. This 
method, known as Clark principle, is most appropriate specially in biological 
application or sewage measurement. 
l i terature and experiments pointed to an optimal system composed of gold 
cathode, silver/silver chloride anode, alkaline phosphate buffer and Teflon mem­
brane (section I). This system is mounted on the tip of a flexible catheter and 
connected to the recorder. 
With the appropriate cathode bias [approx. - 0. 8 Volt] and having the mem­
brane tightly stretched over the cathode the electrode current in gaseous media 
[high diffusion velocity] may readily be determined by the first law of Fick for 
steady state diffusion (section Π) leading to 
where Κ,ρ is a 
expressed by 
constant and 
'o 
R
m 
«T pO. 
the diffusion ι 
_ _ membrane thickness ь) 
m ~ cathode area A . permeability Ρ 
The cell current in liquid solvents [low diffusion velocity ] , however, is subject 
to the effect of retarded diffusion and may be computed by approximations. In 
unstirred solutions it decreases exponentially with time; in liquid solvents stream­
ing parallel to the cathode area it is given (section Ш) by 
Кг 
•β = ft
 + f t P 0 ' 
m о 
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where R is the additional diffusion resistance of the so-called diffusion boundary 
layer opposing the oxygen molecules which diffuse from the bulk of the solution 
to the cathode. Therefore the oxygen pressure "seen" by the cathode and subse­
quently the current reading fall, and do not represent the oxygen pressure in 
the bulk of the solvent. R accounts for the influence of motion and viscosity, 
diffusion and solubility in close surrounding of the membrane and explains flow 
and solvent dependency of Polarographie electrodes by the behavior of the hydro-
dynamic boundary layer adjacent to the membrane. 
_ extension of laminar boundary layer £ 
cathode area A . permeability Ρ 
For a constant velocity the extension of the diffusion boundary layer, also called 
Kernst diffusion boundary layer, is a function of supply and demand of oxygen 
molecules in equilibrium and may be written as 
-, /D d' 
ε = constant \j 
D is the diffusion coefficient of oxygen in a given solvent, d the diameter of 
the cathode and ν the solvent velocity. 
The purpose of this study was to investigate the best compromise between 
flow independency and fast response time of Polarographie in vivo oxygen catheter 
electrodes. As may be seen from the cell current equation the flow dependency 
is minimized either by making R large or R small. 
The first is achieved with thick membranes and/or with small oxygen perme­
ability [e.g. M y l a r ] . In this case the response time is longer since it is pro­
portional to the square of the membrane thickness. Using very thin membranes 
[Teflon ~· 6μ] the response time in room air is in the neighborhood of 1/4 sec. 
The latter is realized by using extremely small cathode diameters [ 4 10 μ] 
which proves to be the most efficient means to reduce flow and solvent depen­
dency. In combination with a thin membrane [high permeability but low solubility] 
independency of flow and solvent together with a short response time can be 
achieved. 
u will often be necessary to find the best possible compromise between 
requirements of high flow independency and very short response time. The nomo­
gram of fig. 20 facilitates these decisions by comparing the minimum solvent 
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velocity and the resulting pO, deviation from the ideal value [here identical with 
the reading in gas phase] with the electrode paramters. Using a 6 μ membrane 
the response time becomes four times shorter but the required minimum flow 
will be four times higher: 
2 1 
tnccy = constant W ν . = constant —я-yo то min «ι ь 
tqcm is the response time of the electrode measured between zero and 95% 
deflection, w is the membrane thickness. 
The advantage of high flow independency involves a considerable loss in the 
available cell current being a function of the cathode area. This may be counter­
acted by casting several cathodes together [facette electrode, section V.]. 
Because of the influence of the potential distribution, depending on the given 
arrangement, it is indispensable to surround every single cathode by an individual 
anode. This leads to a single circular cathode with a thickness of approx. 1 μ 
which is achievable using an Evaporation technique. The electrode current is tempera­
ture dependent. Accurate measurements requir constant ambient temperature or cor­
rection lor changes. In gas phase measurements the temperature dependency may be 
represented by 
i. = constant T" [exp - E /HT] pO« 
E is the activation energy of the permeation process, Τ the temperature in Kelvin 
degrees and R the universal gas constant. 
Considerable difficulties are encountered in making micro-electrodes for 
biological use where accessory requirements have to be met, such as routine 
application to man, simplicity, reliability, possibility of sterilization etc. Up to 
now no technology was found for low cost serial production of catheter pO, 
electrodes which still have to be manufactured one by one. 
Й should be noted that the scatter of the points, leading to one particular 
calibration curve as constructed by eye, is of the order of t 0.5 mm Hg in the 
whole range of 1 to 100 % Og. 
The main conclusion of this study demands that fast responding Polarographie 
electrodes for oxygen measurements in the lower velocity range [ < 10 cm/sec 1 
should have cathode diameters not much larger than 1 μ. 
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VII . UNITS AND SYMBOLS 
A [cm J 
a [cm] 
Β [0κ] 
b [cm] 
ml, cm, cm 
С С Г -_ 
m
'
 0
 cm
3
, 760 mmHg 
0 C [degrees ] 
с* [mol/cm"^] 
с [Quantity/с m ] 
с. [ml/cm J 
с [ml/cm ] 
с [ml/cm J 
с [ml/cm J 
D [cm /sec] 
D' 
D 
[cm /sec] 
[cm /secj 
D [cm /sec] 
d 
E 
[cm] 
[Real/mol] 
E [Ксаі/mol] 
e [ A sec/V cm] 
F = 96500 Coulombs 
G [g] 
H [Ксаі/mol] 
h 
Area through which substance is diffusing 
Radius of diffusing particles 
Constant of NTC resistor according to eq. 40 
Width of a plate [or cathode] in a streaming 
liquid solvent 
·] Equivalent capacitance of diffusion of membrane 
and boundary layer resp., according to chapter 
ΙΠ. 5 
Temperature in Celsius degree 
Molar concentration 
Concentration 
Concentration at the membrane-cathode interface 
according to fig. 9 
Concentration at the membrane-solvent interface 
according to fig. 9 
Original oxygen concentration in the bulk of the 
solvent, according to eq. 10 
Oxygen concentration in the solvent close to the 
membrane, according to fig. 9 
Diffusion coefficient of a given substance in a 
given solvent. Though D in general is concen­
tration-dependent this fact may here be neglected 
Constant for a given substance, according to eq. 9 
Oxygen diffusion coefficient in membranes or 
solids 
Oxygen diffusion coefficient in liquid or gaseous 
solvents 
Cathode diameter or length of a solid electrode 
Energy of activation of the diffusion process, 
according to eq. 9 
Energy of activation of the diffusion process, 
according to eq. 15 
Dielectric constant 
Faraday constant 
Molecular weight 
Heat of solution, according to eq. 11 
Partition coefficient for the membrane-solvent 
interface, according to eq. 19 
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i [amps] 
i
e
 [amps] 
i [amps] 
J [Quantity/sec area] 
о 
] [amps/cm ] 
K T 
к [cal/degree] = R/L 
L = 
M 
Nu 
η 
23 6.023 10 particles/mol 
[ε] 
= [и d/Dj 
[о/о] 
3 0 0 STP, cm 
[ C m \ ] 
sec cm 760mmHg 
Pm 
P
m 
P
o 
Ρ 
p k 
Po2 
Q 
Q* 
[" 
t l 
11 
[ mmHg] 
[mmHg] 
[mmHg] 
[Quantity] 
[mol] 
Electric current 
Electric current of oxygen reduction of a solid 
electrode in a liquid solvent for a given partial 
pressure, temperature and flow 
Electric current of oxygen reduction of a solid 
electrode in gaseous solvent for a given partial 
pressure and temperature 
Diffusion current density of a given substance. 
Current density 
Term of the cell current equation, according to 
eq. 20 
Boltzmann constant 
Electrode form factor according to eq. 32 
Constant for a given flow-to-plate angle at its 
entering side [laminar flow parallel to plate: 
kL = 4.64 according to Eckert] 
Electrode form factor of the membrane 
Constant for turbulent flow parallel to plate, 
according to Eckert: к^, = 0.384. 
Loschmidt's number 
Quantity of substance deposited at an electrode. 
Nusselt number [dimenslonless] 
Number of electrons participating in the reduct­
ion of one oxygen molecule [n — 4] 
Percentage deviation of ι from ι , according 
to eq. 47 e о 
Permeation coefficient of oxygen in a membrane, 
according to eq. 13 
Experimental mean values of oxygen permeation 
in Teflon membranes, according to fig. 10 
Constant for a given material and gas, according 
to eq. 14 
Permeation coefficient of oxygen m a liquid or 
gaseous solvent 
Gas pressure 
Partial pressure at the membrane-cathode 
interface, according to fig. 9 
Oxygen partial pressure 
Quantity of substance 
Quantity of substance in moles 
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0'= dQ/dt 
R= 1.99 cal/degree, mol 
Re= vd/μ* 
R = " A P
m 
R = ε /Α Ρ 
о ' о 
со '-
 J 
«Г [A] 
Sc = [ u * / D
o
] 
Τ [0K ] = 273.15 + 0 C 
t [sec] 
l95% [sec] 
U [volts] 
u [cm/sec] 
V [cm 3 ] 
V
e
 [volts] 
ν [cm/sec] 
ν Гст/secl 
m i n L ' •> 
v T [cm/sec] 
W [g cm/sec ] = б'йцаи 
w 
ζ 
=R /R„ 
m o 
= С /С 
m о 
ot [ml/cm 760 mmHg] 
А
е 1 [charge/cm3 и ] 
„i Г т і / с т 760 mmHg] 
Amount of substance diffusing in unit time. 
Universal gas constant 
Reynolds' number (dimensionless) 
Membrane equivalent resistance of diffusion, 
according to section 5. 
Boundary layer equivalent resistance of diffusion, 
according to section э. 
Constant for a NTC resistance, according to eq. 
40 
Resistance of NTC resistor, according to eq. 40 
Schmidt number [dimensionless] 
Temperature in Kelvin degrees 
Time 
Electrode response time between zero and 95% 
deflection, according to eq. 37 
Voltage 
Mean diffusion velocity also called diffusion 
velocity constant, according to eq. 8 
Volume 
Voltage applied to electrode 
Solvent velocity 
Required minimum solvent velocity to keep the 
current reading within the chosen permissible 
error P, according to eq. 41 
Velocity distribution of turbulent flow, according 
to chapter П. 6 
Stokes' force of friction 
Relative resistance, according to fig. 20 
Relative capacitance, according to fig. 20 
Bunsen's solubility coefficient, according to eq. 10 
Definition of condenser charge in analogy to 
solubility 
Oxygen solubility coefficient in membranes or 
solids 
oc [ml/cm 760 mmHg] Oxygen solubility coefficient in liquid solvents 
ot' [ml/cm 760 mmHg] Constant for a given gas and solvent, accord. 
to eq. 11 
β [cm] Prandtl's hydrodynamic boundary layer, accord. 
to eq. 22 
P T [cm] Boundary layer of turbulent flow 
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' T L 
W 
> 
grad 
log 
oo 
div 
exp 
rot 
cm] 
cm] 
μ 
V 
•¡r 
Pel 
f 
те 
6 
Τ 
^m 
[g/cm seel 
2 
[cm /sec ] = μ/ρ 
= 3.146 
[A sec/cm ] 
Γ / 3η g/cm 
[1/fi cm] 
[amps/mmHg 0 , ] 
[sec] 
[see] 
[cm] 
laminar boundary layer of turbulent flow 
Oxygen diffusion boundary layer of a solid 
electrode in a liquid solvent streaming parallel 
to the cathode according to eq. 29 
Rectangular mean diffusion boundary layer, 
according to eq. 30 
Viscosity coefficient. 1 Poise = 1 g/cm sec 
Kinematic viscosity. 1 Stokes = 1 cm /sec 
Ratio of circumference to diameter of circle 
Charge density 
Density 
Electric conductivity 
Sensitivity of a Polarographie oxygen electrode 
Mathematical response time [37%] , 
Mathematical response time of membrane 
according to section HL 4 
Membrane thickness 
Approximately equal to 
Very large compared with 
Very small compared with 
Gradient of 
Common logarithm 
Infinity 
Divergence of 
e to the power of 
Rotation of 
Energy 1 erg [g cm /sec ] =0.239 10" [cal] 
Force 1 dyn [g cm/sec ] 
Pressure 1 - ^ [ g / c m sec ] = 10" /1.33 [mmHg] = IO" 1 Newton/m2 
10" 7 Joule 
10 Newton 
1 Torr = 1 mm Hg = 1.33 10 bar 
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Appendix 1 
Simplified calculation of the electrode response time by applying the seconc 
Law of Fick to an idealized electrode, according to chapter Ш. 4 
Initial conditions: c(x,o) = о put Cfoo) = - < ; * · 
c(b,t) = c
o
 c'(b,t) = о 
c(o(t) = о c'(o,t) = о 
cíx.co) = co £ c4x,t) = cfx.t) - co Ì 
2 
Separation of variables c'(x,t) = (exp - β Dt) · (ρ cos β χ + q sin (3 χ) 
cHOjt) = о and ρ = о 
TT c'(b,t) = o and β = η -£-
c'(x,t) = Σ Ι α · sin (χ η T/b) · (exp - (пТГ/Ь) Dt) 
1 
œ 
c'(x,o) = - с x/b = "ΣΖ 1_ · s i n ( χ η TT Αι) 
q
n
/c
o
 = (-1)" 2/ηΤΓ 
CO / ,χΠ 
c(x,t) = c
o
 ( -g- + 2 Σ j p p - · « η ( χ n^/b) • (exp - (n'ir/b)2-Dt) 
Or, according to eq. 18 
i t = Κ τ A ξ- c o (1 + 2 Σ ] (-1)" · (exp - (п-ІГ/Ъ)2 • Dt) 
Appendix 2 
Evaluation of the equivalent circuit (fig. 17) , according to chapter Щ. 5. 
Substitute: Rj = J R
o
 ; ^ = J ( ^
 + R J ; Rg = J R m ; u· = KT P 0 2 
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Current trough: Co is i j ; C m is i2; Rg is ig 
u(co) = ¿ - -f 4 * i u(cm) = тт^ J h d t = ^ «з = и(Нз) 
This leads to the differential equation 
d 3 • d 2 .
 h d . 
— H - i , + — 5 — i , b + i , с = О 
dt J 6 ¿Г d dt d 
With 
с = 1/R1C1 R 2C 2 + 1/R1C1 R 3C 2 + l/R^ ^C2 
Г
 р1* Рг1 
U' J с е е 
Ч
 =
 R1+R2+R3 1
 1 +
 [Р^г] (ТГ " "P¡~) 
Rearranging, with 
4
 r
w + g n ^ a 1 n 2 r w + 2 + 4 T i ^ - ] 1 
p i = - — L il J i p2 = - Τ " L — Г Т І — ^ J 
m о 
leads to the theorectical electrode response time with particular share of mem­
brane and boundary layer, approximated by the step function response of the 
equivalent circuit which is illustrated in fig. 19: 
r η P i * P·) 1 
j
 =
_ У ^ /1 _ z[w + l] e 1
 + 2[w + 1] e Δ \ 
3 R
m \ 1 + — zw + 2z - 2 [w+2] [zw+2z-2] / 
Herein the following substitution are used: 
R / R = w C / C = z R C = t R C = t 
m o m o o o o m m m 
ƒ P I 4 рг4 -
Computing the 95% response time we put 0.95 =<1 + — \— - — "I I 
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β
Ί * / 2 * i in ( 0 . 0 5 - % ^ ) 
assuming _ _ » - ^ — it is: t 9 5 % - | _ 
Rearranging leads to the 95% response time as a function of velocity as illustra­
ted in fig. 16 with w and ζ from fig. 19: 
45% = - Ч^ [4*-] ln<°·05 І^рГ Η ' Μ - Φ 
STELLINGEN 
1) Voor biologische toepassingen lijkt een cylindrische vorm van de p02-elek-
trode met ringvormige anode en kathode het meest geschikt. 
2) Het "roer"-effect, dat wordt waargenomen bij de polarografische meting van 
de pO« in stromende media met een vaste elektrode, is te verklaren met 
behulp van de hydrodynamische grenslaagtheorie, toegepast op stofoverdracht. 
3) Bij pOq-metingen wordt de aanwijstijd belangrijk verkort wanneer de me-
tingen bij hogere temperaturen kunnen worden verricht. 
4) De minimale stroomsnelheid van de oplossing, waarbij de fout in de gemeten 
pO, nog juist beneden de toelaatbare grens blijft, kan door verdubbelen van 
de membraandikte met een factor 4 verkleind worden. 
5) Een onbekende Oo-diffusiecoëfficiënt, b. v. in bloed, kan met redelijke be-
nadering grafisch bepaald worden uit de met de pO„-elektrode gevonden 
Oj-spanning. 
6) Het waarnemen van onderdrempelige stimuli kan onderzocht worden met behulp 
van een tachistoscoop. Invloed van niet waargenomen stimuli is aantoonbaar, maar 
fenomenologisch niet verklaarbaar. Geconditioneerde, maar niet-geïdentifi-
ceerde objecten veroorzaken een "galvanic skin response", die aan te tonen 
is of waarbij een positief-negatief criterium veelal een juist resultaat geeft. 
7) Informatie- en gegevensverwerkende machines kunnen opgebouwd worden uit 
een klein aantal onveranderlijke en zelfstandige functionele eenheden. 
8) Het begrip "cybernetica" wordt over het algemeen zodanig gebruikt, dat het 
aanleiding geeft tot misverstand, en dient dus zorgvuldig te worden gedefi-
nieerd, opdat de bedoeling van Norbert Wiener beter tot haar recht komt. 
9) Als gevolg van de invoering van de micro-electronica (integrated circuits) 
moeten verschuivingen in de werkgelegenheid verwacht worden, vooral voor 
ongeschoolde arbeidskrachten in de elektronische industrie. 
10) Het pictogram dat ontwikkeld werd om door middel van een gemeenschappelijk 
schrift voor de hele wereld een bijdrage te leveren tot betere verstand-
houding tussen de volkeren, kan helaas niet zonder meer op alle talen worden 
toegepast. 
11) Bij de stemvorkoscillator-klok wordt de amplitude van de stemvork gestabili-
seerd door een mechanisch-electromagnetische terugkoppeling, waardoor deze 
klok praktisch onafhankelijk wordt van invloeden van buitenaf, zoals schokken 
of versnellingen. 


